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ABSTRACT. This review paper aims to systematically examine the effects that
the most common thermal and thermochemical surface hardening treatments
- specifically surface hardening, carburising, and nitriding - have on the fatigue
strength of mechanical components, which has historically been the primary
cause of failure during service.

Following a brief description of the heat treatments and the mechanical and
metallurgical effects they produce on components, a predictive model of the
fatigue strength of surface-hardened mechanical components subjected to
bending stresses is presented, using the local fatigue limit approach.

The parameters used in the model are the microhardness profile of the
hardened zone, the distribution of residual stresses in the hardened layer, the
fatigue strength of the base material, and the stress state induced by external
forces. The proposed model was validated for three real-world cases: surface
hardened specimen with a notch, smooth carburised specimen and smooth
nitrided specimen. The results provide important insights from both an
academic and industrial perspective. In fact, they allow for the determination
of which parameters must be controlled to increase the fatigue strength of
surface-treated mechanical components.
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INTRODUCTION

urface treatments, both thermal (surface hardening) and thermochemical (carburising and nitriding), are performed

on many components produced with different technological processes [1-3] to improve their mechanical properties,

particularly wear resistance. It is well known that these heat treatments increase the surface hardness of the steel and,
consequently, improve the wear resistance of the component itself [4-8]. In the case of surface hardening [7,9], the increase
in hardness is due to the hardening treatment (induction, laser, or flame) performed exclusively on the surface of the
component, after it has been quenched and tempered throughout its cross-section. At the end of the process, the component
has both good strength and toughness at the core (thanks to the quenching followed by tempering), and simultaneously
exhibits high surface hardness (resulting from the surface hardening followed by stress relief). This is also why medium- to
high-carbon steels (42CtMo4, C45) are preferred for surface hardening. The situation is different, however, during the
thermochemical processes of carburising and nitriding: in addition to a thermal effect, in both cases a chemical reaction
occurs between the process atmosphere and the carbon or low-alloy steel. Carburising [9,10], which is typically performed
on low-carbon steels (C = 0.2%) using hydrocarbon gas atmospheres (methane, propane, etc.), results in increased hardness
due to the carbon enrichment of the steel’s surface: subsequent quenching produces a carbon-rich martensitic structure on
the surface (approximately C = 0.8%) along with a carbon-poor martensitic structure in the core (C =< 0.2%). In metallurgy,
this is commonly referred to as hardening due to the interstitial solid solution of carbon in the iron lattice. Finally, nitriding
[9]: this process is typically carried out in an ammonia atmosphere and is applied to medium-carbon steels that ate lightly
alloyed with chromium, molybdenum, and, in some cases, aluminium and vanadium. By enriching the surface of a steel
workpiece with nitrogen, it is possible to induce the formation of nitrogen phases with iron and other alloying elements (e
and y’ phases): the presence of these phases, in the form of small particles finely dispersed in the surface layer, locally
deforms the original a-iron lattice, producing a significant increase in the steel’s hardness. In metallurgy, this is commonly
referred to as precipitation hardening.
In all three cases discussed, we are dealing with thermal or thermochemical processes that induce an increase in the surface
hardness of the heat treated steel components. Fig. 1 shows a schematic representation of the hardness profiles produced
by the three surface heat treatments already described. Note how the three surface heat treatments are complementary to
one another in terms of both maximum hardness and effective depth.
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Figure 1: Schematic representation of hardness profiles for a component that is (left) surface-hardened, (center) carburised and (right)
nitrided. The values represent the typical maximum hardness and effective depth for the three surface treatments.

There is an additional effect caused by the three hardening processes already described: in addition to the hardness increase,
a residual compressive stress affects the whole hardened zone. These residual compressive stresses are always a direct
consequence of the process that led to the surface hardening [11,12].

In the case of surface hardening, the effect is a direct consequence of the increase in specific volume induced by the
austenite-martensite transformation. In the surface area (where the steel hardens), the specific volume change is effectively
prevented by the underlying layers of material (which do not undergo the surface heat treatment): the consequence is the
formation of residual compressive stresses, balanced by residual tensile stresses in the core.

As for carburising, the situation is slightly more complex, although the final effect can always be attributed to the increase
in specific volume resulting from the austenite-martensite transformation. During the quenching process (i.e., after
carburisation, when the surface has already been enriched with carbon), on small and medium-sized parts, the austenite-
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martensite transformation of the core will be observed first, followed by that of the surface. This generates residual
compressive stresses on the surface and tensile stresses in the core, exactly the opposite of what occurs during conventional
quenching. Finally, in the case of nitriding, the internal stresses arise from the formation of nitrogen-rich phases which, by
distorting the crystal lattice, develop residual compressive stresses in the area where the nitrogen concentration is higher
than that of the base metal (i.e., throughout the area subject to nitrogen diffusion).

Fig. 2 shows the distribution of residual axial stresses in a cylindrical specimen subjected to each of the three surface
treatments described. Note that, in the case of surface hardening, the maximum residual stress occurs at the surface, whereas
for carburied and nitrided layers, the highest residual stresses develop below the surface.
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Figure 2: Schematic representation of residual stresses in a component subjected to surface hardening treatment: (left) surface-hardened,
(center) carbutised and (right) nitrided.

THE STRESS STATE INDUCED BY EXTERNAL FORCES

efore examining in detail the effect of surface treatments on the fatigue strength of mechanical components, let us

consider the stress states that occur in components due to external forces. Let us consider a basic loading condition

and a component with a simple geometry: bending applied to a cylindrical shaft. It is well known in mechanical
engineering [4,13] that the nominal stress state (0,,) induced in a smooth cylindrical component of diameter, &, due to
bending Mj, is a function of the moment of inertia [ and the radial position, 7, and is given by:

M M
S S
o, =—>r= r
g rd* /64 M
M M
- S d/ _ S .
Oy oy = Ay =
" wd /64 A xd’ /32 (1bis)

The value of Gy, (1) reaches its maximum on the outer surface of the cylinder, &,y (1bis), and decreases linearly with the
radius 7 until it becomes zero on the axis of the cylinder (Fig. 3a).

If the component were notched, i.e. if it had a change in cross-section or any geometric discontinuity, a local effect of stress
concentration would be observed.

To evaluate this local effect of increased stresses (notch effect), it is usual to introduce a geometric stress concentration
factor K; which provides the value of the maximum surface stress according to the relationship:

Gmax :Kt .G(J,mp (2)

In this case, however, the surface stress given by Eqn. (2) does not decrease linearly with the radius, but instead exhibits a
rather steep gradient. This effect occurs because, when the same bending is applied to both the smooth and the notched
shafts, the integral of the stress distribution across the cross-sections of the two shafts must remain constant (Fig. 3b).
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The stress concentration factor K; depends on the cross-sectional geometry and, in the specific case shown in Fig. 3b, on:
(i) the fillet radius, (i) the maximum and (iii) minimum diameters of the shaft; K, is normally tabulated for the most common
notch shapes used in mechanical design (Fig. 4).
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Figure 3: Stress distribution generated by bending applied to (a) a smooth shaft and (b) a notched shaft.
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Figure 4: Stress concentration factor K, for a shaft with a shoulder subjected to bending [14].

Although the value of K, can only be applied to the surface of the component, i.e. near the notch, there are equations which,
for various specific cases, allow the stress gradient caused by the notch to be calculated. In the case of bending condition
shown in Fig. 3b, Nakonieczny [15] proposed the following equation to evaluate the maximum stress (G,..) at every position
along the section due to the stress gradient:

O, e =K, 0, 1= (27 3)

where K, is the stress concentration factor, G, 1s the nominal surface stress, calculated using Eqn. (1bis), and »and 4 are
the radial position and the diameter of the cylindrical section, respectively.

Using (1), (1bis), (2) and (3), it is therefore possible to calculate the stress state at every point along a cylindrical section,
whether smooth or notched, under the effect of bending.

Fig. 5 shows an application of (3) for a cylindrical section (/= 6 mm) subjected to bending, with a maximum nominal stress
of 100 MPa and different values of K.
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Figure 5: Stress analysis along a cylindrical section (d = 6 mm) subjected to bending, as a function of different values of K, (maximum
nominal stress 100 MPa).

SURFACE TREATMENTS AND FATIGUE RESISTANCE

aving examined the stress state generated in mechanical components as a result of applied external forces, it is

now possible to assess how the fatigue strength of these components can be improved through surface treatments.

Although surface hardening, carburising and nitriding treatments are primarily carried out with the aim of
increasing the wear resistance of steels, there is also another important advantage associated with these hardening processes:
the systematic improvement of the steel’s fatigue resistance, particularly in the field of high-cycle fatigue resistance [16,17].
The mechanism of the fatigue phenomenon involves the initiation and propagation of a crack that develops along the
component section due to the cyclic stresses during operation. The engineering description is still the one proposed by
Wohler at the end of the 19% century and refers to the classic ‘stress-cycle’ diagram (S-N curve or Wohler curve). Below a
certain stress threshold (known as the fatigue limit Gr.4), neither component failure nor the propagation of fatigue cracks
will occur, regardless of the number of cycles of the applied load. See in this regard the case illustrated in Fig. 6, which refers
to the S-N curves for a quenched and tempered Cr-Mo steel and a quenched, tempered and nitrided Cr-Mo steel [14].
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Figure 6: S-N diagram (R = Gumin/Omax = -1) for a chromium-molybdenum steel (AISI/SAE 4140 grade, similar to 42CtMo4), subjected
to quenching and tempering and to quenching, tempering and nitriding using different processes [14].

409



4
i/ /(.u
s M. V. Boniard; et alii, Fracture and Structural Integrity, 77 (2026) 405-420; DOLI: 10.3221/IGF-ESIS.77.23 s

As already noted, a fatigue crack initiates and propagates as a result of the normal loads applied during service: in high-cycle
fatigue conditions, these loads are generally lower than those required to induce permanent plastic deformation of the
component. However, due to surface irregularities or microstructural discontinuities, local stresses exceed the yield strength;
consequently, when the load is applied cyclically, local plastic deformation develops.

The initiation and propagation of a fatigue crack are, therefore, the result of the simultaneous action of repeated cyclic
stresses, tensile stresses and the resulting local plastic deformation. In the absence of even one of these three conditions,
the nucleation and growth of a fatigue crack cannot occur. Cyclic stress allows the crack to form, whilst the tensile
component of the applied stress allows it to propagate; the compressive component of the stress is irrelevant as it simply
tends to close the crack tip without causing any damage [18].

This brief overview of the phenomenon of fatigue make it possible to identify two approaches for reducing or preventing
both the damage nucleation and subsequent propagation:

1. increasing the mechanical strength of the steel through strengthening mechanisms that limit local plastic deformation;
2. generate residual compressive stresses that counteract external stresses, reducing the tensile load.

Surface hardening, carburising and nitriding heat treatments perfectly meet these two requirements: if the steel is selected
appropriately and the treatment is carried out correctly, a significant increase in surface mechanical strength will be observed,
as well as the development of compressive stress states in the surface layer. These two results produce a dual benefit in
terms of fatigue behaviour:

e the improvement in the mechanical strength of the heat treated layer (measured as an increase in hardness) locally

confers a higher fatigue resistance, 6’r4, to the workpiece (Fig. 7). The linear correlation, valid for most steels, between
fatigue limit and tensile strength is well known (Fig. 8) [14,16,19]: as hardness increases, in fact, the mobility of
dislocations that could trigger fatigue is reduced.

(2) S (®)

Figure 7: Fatigue limit for a component (a) with uniform fatigue strength, (b) with surface heat treatment (Gr4: fatigue limit of the base
material; 6’4 fatigue limit of the hardened surface layer).
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Figure 8: Correlation between ultimate tensile strength (UTS) and bending fatigue limit (Gr.4,). Note that, at least up to 1400 MPa, the
bending fatigue limit (R = -1) is usually between 0.45 and 0.5 of UTS [14].

e  Compressive residual stresses at the surface, balanced by limited tensile residual stresses in the core, significantly alter
the distribution of applied external stresses. In this regard, consider the scheme in Fig. 9, which refers to a smooth
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cylindrical piece subjected to bending. Fig. 9a shows the distribution of residual stresses induced by the surface heat
treatment, while Fig. 9b shows the trend of the stresses induced by the applied bending; Fig. 9¢ shows the two
superimposed stresses, and Fig. 9d their algebraic sum [20].
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Figure 9: Stress states present in a cylindrical component: (a) due to a surface hardening heat treatment, (b) due to an applied bending,
(c) superposition of the two stress states and (d) algebraic sum of the two stress states.

The comparative analysis of Fig. 7 and Fig. 9 also highlights another important aspect: the increase in fatigue resistance of
a mechanical component is maximum when the applied external stresses are induced by bending or torsional loads
(i.e. the applied stresses are maximum on the surface and decrease moving towards the axis). In the case of axial loads,
however, the uniform distribution of stresses along the cross-section does not allow surface heat treatments to induce a
significant improvement in fatigue behaviour. Tab. 1 reports the results obtained on nitrided cylindrical specimens, stressed
according to different loading modes [16].

Heat Bending fatigue limit Torsion fatigue limit Axial fatigue limit
treatment [MPa] [MPa] [MPa]
Quenching & Tempeting 565 315 540
Quenching & Tempering + Nitriding 750 410 540

Table 1: Fatigue limit of a steel in the quenched and tempered condition (UTS = 1150 MPa) and in the quenched, tempered and nitrided
condition, subjected to cyclic bending, torsion and axial loads.

After defining the general aspects, we will now examine each hardening treatment in detail (surface hardening, carburising
and nitriding), highlighting the main aspects in relation to the fatigue resistance of mechanical components.

Surface hardening

Surface hardening (flame, induction, or laser) is a widely used surface hardening heat treatment for various types of

mechanical components (shafts, axles, gears, etc.): the first applications of this treatment date back to the decade before

World War II and concerned crankshafts [21]. From a metallurgical perspective, the aspects to consider in relation to the

fatigue problem of surface-hardened components are listed below.

a.  For surface hardening to be successful, the carbon present in the steel, in solution or in the form of carbides, must be
distributed homogeneously and uniformly throughout the crystal lattice during the austenitization phase. However, the
high speed of the heating phase (< 10 seconds), typical of surface hardening treatments, makes the diffusion of carbon
into the metal matrix very difficult.
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Consequently, at the end of the heat treatment, non-uniform or limited surface hardness may occur if the steel initially
presents a coarse-grained ferritic-pearlitic structure, in which the peatlite is richer in carbon than the ferrite. For this
reason, it is always better to surface-harden martensite in which the carbon is more homogeneously and uniformly
distributed in the crystal lattice [21].

b.  Great care must be taken to ensure a uniform hardening depth along the profile of the part. In addition to ensuring
homogeneous strength, this result also allows for a uniform distribution of compressive residual stresses in the
hardened surface layer, with beneficial effects on the fatigue resistance of the component [9,22].

c.  If the treatment is performed correctly and the residual stresses on the surface are compressive, the fatigue fracture of
an induction-hardened component shows initiation beneath the quenched layer. See two typical examples in Fig. 10.
This morphology is valid for smooth parts or parts with limited notch effects; as the notch effect increases, the initiation
will instead appear on the surface [23,24]. The subsurface initiation makes it clear that the depth of the quenched layer
and the hardness of the core of the base material are the two parameters to control to improve fatigue resistance.

Initiation area : Initiation area

Final
fracture

|
Figure 10: Schematic representation of the fatigue failure of two induction hardened steel shafts (left) C40 and (right) C50.

To evaluate the local fatigue strength of the surface-treated material, the aforementioned correlation between the ultimate

tensile strength and the bending fatigue limit can be used [19] (valid only up to 64 = 700-750 MPa) or, more simply, the
formulas proposed in the literature can be used [15].

Of particular interest is the simple and effective correlation proposed by Nakonieczny [15], independent of any residual
stresses present, valid for rotating bending stresses (R = -1) in the range 340 < HV < 900:

o1, =1,98H1 —0,0011H1" @)

where H1/; is the Vickers hardness measured where the local fatigue limit is to be determined. Fig. 11 shows the correlation
between hardness and local bending fatigue limit.

Case hardening

Case hardening is the most studied hardening heat treatment for fatigue resistance. Many studies have focused on gears, as
case hardening is the most widely used surface treatment to harden gears, improving both the bending fatigue resistance of
the tooth root and the contact fatigue resistance. In the case of case-hardened layers, the fatigue fracture mechanism is very
different from that observed in components with hardened surfaces: failure always initiates from the external surface,
whether smooth or notched, with localized semi-elliptical fracture of intergranular or mixed intergranular/transgranular type
[25-27]. Fig. 12 shows the schematisation of an intergranular initiation with stable transgranular propagation, as observed
in a case-hardened AISI/SAE 4320 steel (similar to 17NiCrMo6-4) [27].
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Figure 11: Correlation between local hardness and local bending fatigue limit for hardened surface layers estimated with (4).
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Figure 12: Schematisation of an intergranular initiation with subsequent stable transgranular propagation, as observed in a case-hardened
AISI/SAE 4320 steel (similar to 17NiCtMo6-4). The defect is approximately Varea = 40-45 um.

The presence of a defect at the origin of fatigue failure also allows the calculation of the local fatigue limit using the approach
proposed by Murakami [28,29] (which does not take into account any residual stresses). For the proposed example, the

value of the defect propagation threshold is:
1
AK,, =0,0033( HI” +120)(Varea )A =9+9.5 MPa/m ©)

The surface hardness is approximately 680 HV [27].
The fatigue limit is:

1.43(HV + 120)
= 7 = 605+ 620 MPa )
(Vama )

AO'f

to which any residual compressive stresses must be added.
From a metallurgical perspective, the main aspects related to the problem of carburised layer fatigue are listed below.

The typical failure of carburised layers, triggered by intergranular decohesion (Fig. 12), has been traced back to
intergranular oxidation phenomena and the precipitation of phosphorus and/or cementite at grain boundaties [27,30—
32]. Methods that can mitigate this problem (and consequently increase the matetial's fatigue strength) include:

a.

e  reducing the average grain size of the base material,
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e reducing the alloying elements that promote intergranular oxidation (particulatly silicon and chromium),

e  reducing the phosphorus content,

e  reducing the average grain size after carburising: excellent results are obtained with a brief austenitising treatment
(900°C x 30 min.) at the end of the carburising process and before stress relieving. This method is considered, by
far, the most effective compared to the first three.

To improve fatigue strength, it is possible to act primarily on the compressive residual stresses of the carburised layer
[26,27,33] that are related to the carbon content in the carburised layer. It is worth noting that carbon enrichment
improves the hardness and strength of the carbutrised layer, but also promotes the formation of increasing amounts of
retained austenite: high levels of retained austenite reduce compressive residual stresses after carburising. Consequently,
the best bending fatigue properties are achieved with low carbon potentials in the carburising atmosphere (i.e., low
carbon content at the surface of the carburised layer). This method maximises surface residual stresses and reduces the
cementite precipitation at grain boundaries. Sub-zero cooling treatments do not appear to be beneficial for improving
fatigue resistance: although the retained austenite content is reduced, no improvements in fatigue resistance are
observed. The problem of deformation softening and redistribution of residual stresses due to cyclic stresses is present
in carburised layers as well as in surface hardened ones.

Due to the particular initiation mode, the depth of the carburised layer does not have a great influence on the fatigue

resistance of the sample/component: it has been observed that when the thickness of the carburised layer exceeds

10-15% of the diameter, no significant improvements in fatigue resistance are observed [34,35].

Nitriding

Nitriding, the most recent surface hardening treatment, has become widespread on an industrial scale since the 1950s [36].
Widely used when high surface hardness and wear resistance of components are required, nitriding has recently also entered
into competition with traditional hardening treatments for gears [37,38]. Regardless of the type of nitriding performed (gas,
salt bath, ionic, etc.), an improvement in the fatigue life of the treated parts (high-cycle fatigue) is always observed: this
increase is in the order of 13-105% on smooth specimens and 29-230% on notched specimens [17]. In general, similarly to
what occurs on components with a hardened surface, fatigue failure initiation occurs beneath the nitrided layer in smooth
components or those with limited notches (Fig. 13).

Nitrided layer Initiation area

First phase of
propagation

Second phase of
propagation

Final fracture

Figure 13: Schematic representation of the fatigue fracture surface of a nitrided specimen.

From a metallurgical point of view, the following problem of nitrided layer fatigue must be considered.

a.

Nitriding generates significant compressive residual stresses on the surface of the parts (Fig. 14) independently from
the process used [39,40]. The problem of deformation softening and redistribution of residual stresses due to cyclic
stresses is lower compared to surface hardening and carburising treatments [41]. The cause lies in the different methods
of forming the surface layer: in nitriding, hardening results from precipitation hardening phenomena, while in surface
hardening and carburising, hardening is related to the interstitial solid solution of carbon in the iron lattice.

Although several authors have attempted to correlate surface hardness or hardening depth with the fatigue limit of
nitrided steels, the results obtained are rather contradictory, and it seems that beyond a certain threshold (for both
surface hardness and hardening depth) there is no effect on the improvement of fatigue resistance [42—44|. For high-
cycle fatigue, even the thickness of the white layer (at least up to a maximum of 10 um) does not appear to have any
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effect on fatigue limit [44]. However, nitriding is known to improve the fatigue behaviour of notched specimens (K, >
1), rather than smooth specimens. Some authors report that the treatment can even eliminate the notch effect [45—
47].

c.  The core strength of the heat treated material is very important to ensure the optimal fatigue behaviour of nitrided
components. Since fracture initiation occurs beneath the hardened layer, the mechanical properties of the steel core
are often more important than the surface hardness of the nitrided layer. On smooth specimens (where fracture
initiation certainly occurs beneath the nitrided layer), a correlation can be established between the fatigue limit of the
base steel and that of its nitrided layer (Fig. 15).
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Figure 14: Residual stresses in a nitrided layer on EN 42CtMo4 (520 °C - 50 h), measured by X-ray diffraction [14].
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Figure 15: Fatigue limit of the base steel compared to the fatigue limit of the nitrided layer of the same steel. Rotating bending tests
(R = -1) and specimens with 4 = 5-10 mm (data taken from [15,16,36,43—46,48]).

For the evaluation of the local bending fatigue resistance of the nitrided layers (Gr4,) we can refer to the correlation proposed
by Nakonieczny [15] which, as already reported, is independent of any residual stresses (the formula is valid for rotating
bending stresses R = -1 in the range 340 < HV < 900; for higher hardness values, consider 900HYV).

FATIGUE RESISTANCE EVALUATION MODEL OF A COMPONENT WITH HARDENED SURFACE

The failure condition
The previous paragraphs allow to define three important parameters:

e  the local bending fatigue strength (Gr4p) at each point along the cross-section, that depends exclusively on the material
strength after the heat treatment;

e the residual stress (O at each point along the cross-section, that depends on the type of hardening heat treatment;
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e the external stress (Guy) at each point along the cross-section, that depends on the applied load condition (bending)
and the shape of the component (smooth, K; = 1 or notched, K; > 1).

Therefore, the component will fail when, as the applied external stress increases, the local fatigue limit equals the sum of

the external stress and the residual stress:

Ga])p/ + Oy =0 Fay (7)

This method allows to evaluate both the stress that causes the failure of the surface-treated component and the point where
the breakage will occur.

The local bending fatigue limit of the material can be estimated with (4) and then compared with a gradually increasing value
of the effective stress obtained as the sum of the applied external stress (Gu) and the residual compressive stress (G). The
external stress is iteratively evaluated with (3) starting from a first tentative value of G, and then increasing it until the sum
of Gypand G, (measured experimentally) is equal to the local bending fatigue limit. The intersection point indicates the
depth at which failure will occur while the fatigue limit is instead equal to the value of the applied bending stress at the
surface. To better clarify the method, three examples of practical application are presented below.

Applications of the method

The first application example of the method [22] refers to quenched and tempered 50CtV4 steel (UTS = 1200 MPa,
YS =800 MPa, HV = 340); the material was induction hardened to a maximum hardness of 680 HV and a hardness effective
depth of 0.7-0.8 mm. The fatigue test was performed on a Brugger-type specimen, subjected to three-point bending, with
a cycle ratio R = 0.05.
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Figure 16: Simulation of local strength and stress state in an induction-hardened Brugger 50CrV4 steel specimen: estimation of the
fatigue limit and fatigue crack initiation location.

The Brugger specimen has a specific geometry to represent the stress state at the root of the teeth of a gear wheel; the most
stressed point of the specimen (where failure occurs) presents a change in cross-section with a theoretical notch effect equal
to 1.56. Assuming a notch sensitivity g = 0.925, a Ky coefficient of 1.518 is obtained.

The authors experimentally determined a fatigue limit of Ao = 780 £ 40 MPa (g, = 370 MPa, g,, = 410 MPa), with cracking
initiated beneath the hardened layer. From these values, measured for R = 0.05, the fatigue limit at R = -1 can be derived
using the well-known Gerber formula to account for the effect of mean stress [22]: ultimately, a fatigue limit of or4, = 420
+ 25 MPa (K, = 1.506) is obtained. The rotating bending fatigue limit of the base material on smooth specimens (dr4y =
507 MPa) and the residual stress profile along the direction of maximum stress were also determined.

The simulation obtained with the proposed model is shown in Fig. 16. The local fatigue limit of the material was compared
with a gradually increasing value of the applied external stress (appropriately corrected for the compressive residual stresses):
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the estimated fatigue limit is equal to gr1 = 390 MPa (the error, compared to the measured value, is approximately 7%);
the predicted location of the initiation of fatigue crack is 1.05 mm from the component surface.

The second case study [49] involves cylindrical (hourglass-shaped) specimens made of case-hardened and tempered
16MnCr5 steel (core hardness HV = 300); a maximum hardness of 750 HV was achieved, an effective depth of 0.9 mm,
and a total hardening depth of 1.5 mm. The fatigue test was performed in rotating bending with a cycle ratio R = -1. The
hourglass specimen is used for rotating bending fatigue tests and to favour fracture initiation, it is not perfectly smooth but
has a limited theoretical notch effect equal to 1.02. The article does not report the residual stress profile along the direction
of maximum stress, but only the residual stress value measured at the surface (-120 MPa). The authors experimentally detect
a fatigue limit of 6r4 = 750 = 54 MPa.

The simulation obtained with the proposed model is shown in Fig. 17. The estimated fatigue limit is equal to
Oy, = 714 MPa (the error, compared to the measured value, is approximately 5%); the location of the initiation is predicted
on the surface of the component.
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Figure 17: Simulation of local strength and stress state in a rotating bending specimen made of carburised 16MnCr5 steel: estimation of
the fatigue limit and the fatigue crack initiation location.
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Figure 18: Simulation of local strength and stress state in a rotating bending specimen made of nitrided 42CrMo#4 steel: estimation of
the fatigue limit and the fatigue crack initiation location.

The third case study involves a surface nitriding treatment [15]. These are hourglass-shaped fatigue specimens (K, = 1.02)
made of quenched and tempered 42CrMo4 steel (HV = 343). The steel was nitrided to a surface hardness of 715 HV; the
maximum hardness is 826 HV, the effective depth is 0.2 mm, and the total depth is 0.3 mm. The fatigue test was performed
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in rotating bending (R = -1). The article does not report the residual stress profile along the direction of maximum stress,
but only the residual stress value measured at the surface (-600 MPa).

The authors experimentally detect a fatigue limit of Gr4, = 735 MPa (the standard deviation is not shown); fatigue initiation
occurs 0.45 mm from the treated surface.

The simulation obtained with the proposed model is shown in Fig. 18. The fatigue limit estimate is Gr1, = 665 MPa (the
error, compared to the measured value, is approximately 9%); the fatigue crack initiation point prediction is 0.4 mm from
the component surface.

Tab. 2 summarises the results obtained in the three real-world experiments and the related estimates of the bending fatigue
limit and the trigger position: the validity of the proposed method is underlined, with errors lower than 10% compared to
the experimentally measured values.

ora (R=-1) ora (R=-1) Crack Initiation ~ Crack Initiation
Steel grade Heat treatment experimental estimated experimental estimated
[MPa] [MPa] [mm] [mm]
50CrV4 Surface hardening 420 390 (-7.1%) > 0.80 1.05
16MnCr5 Case Hardening 750 714 (-4.8%) Superficial Superficial
42CrMo4 Nitriding 735 665 (-9.4%) 0.45 0.40

Table 2: Comparison between experimental data [15,22,49] and the estimation by the local fatigue limit method.

CONCLUSIONS

hardening methods, specifically surface hardening, carburising, and nitriding, on the fatigue life of mechanical

components. Given that fatigue remains the primary mechanism of structural failure in industrial applications,
understanding the interaction between these treatments and cyclic loading is crucial. By synthesising the mechanical and
metallurgical transformations induced by these processes, we presented a predictive model using the local fatigue limit
approach. This model effectively integrates critical material variables to predict performance under bending stresses: (i) HV
microhardness profiles, (i) residual stress distributions, (iii) base material properties, and (iv) external stress states.
The validity of the proposed model was rigorously tested on three different cases: notched surface hardened specimen,
smooth carburised specimen and smooth nitrided specimen. The high degree of correlation between model predictions and
experimental results offers significant value for both academic and industrial applications. It provides a quantitative
framework for identifying which metallurgical parameters should be optimised to maximise the service life. Ultimately, the
application of the local fatigue limit approach has proven to be an accurate methodology for predicting the durability of
supetficial layers modified by surface hardening, carburising or nitriding.
This research facilitates the design strategy, allowing engineers to determine the most effective approach, such as optimizing
the effective depth of the hardened layer or adjusting tempering parameters, to improve the fatigue behaviour of mechanical
components even in case of high stress concentration.

T his literature review systematically assessed the influence of the most common thermal and thermochemical surface
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