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Abstract

This paper presents the Finite Element (FE) analyses carried out with the aim to predict the tooth root fatigue and Rolling Contact 

Fatigue (RCF) behavior of spur gears, in terms of crack propagation maximum number of cycles. The combination of different materials, 

i.e. steel and titanium, and surface treatments, i.e. case-hardening and application of surface layers by Physical Vapor Deposition 

(PVD), are investigated. The residual stresses induced by the deposition of the coating are modelled. The stress intensity is described 

by linear elastic relations based on the crack tip opening displacement and the crack propagation in the case-hardened spur gears 

is described with the help of mathematical models. Experiments are carried out to evaluate tooth damage under RCF for different 

treated gears. The best solutions in terms of bulk material – treatment combination among the ones investigated are identified, also 

highlighting innovative possibilities which can guarantee appreciable performance.
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1 Introduction
Innovation in the field of spur gears is challenging, in par-
ticular for high-strength automotive components, where 
high mechanical performance is required in terms of wear 
resistance, contact fatigue and fatigue behavior. The mate-
rial treatments can considerably alter the mechanical and 
tribological behavior of the substrate and therefore lead 
to a possible improvement in the performance of the spur 
gears. To date, case-hardened steel gears are preferred, 
since case-hardening guarantees an increase of surface 
hardness which improves the fatigue strength and the sur-
face properties. Tribological properties and resistance to 
corrosion and contact fatigue can be improved by adopt-
ing PVD thin hard coatings, which guarantee a significant 
increase in hardness of the external surface. PVD films are 
often adopted for cutting tools. For example, the deposi-
tion of a CrN PVD coating has been shown to enhance the 
fatigue strength of H11 tool steel grade [1]. These coatings 
are also deposited on aviation gas turbines, according to 
the paper [2] on the application of coatings on superalloy 
airfoils. Other applications include biomedical implants 
as reported in a review on the use of DLC coatings  [3], 
automotive components  [4] and methanol fuel cells  [5]. 

In detail, Bobzin et al. [4] analyzed the WC/C and CrAlN 
coatings with various lubricants and found that the wetta-
bility of the surface and the friction behavior depend on the 
adhesion energy. Zellner and Chen [5] instead studied the 
changes in the composition of the WC and W2C films and 
their stability in order to evaluate their protective action. 
The deposition of these films on mechanical components 
can therefore increase their fatigue strength, under suitable 
parameters of the coating deposition process and surface 
preparation. The parameter which most influences fatigue 
strength is the residual stress induced by the coating depo-
sition, which must be highly compressive [6]. It was found 
that CrN coating improves fatigue strength of steel but not 
of aluminum. The Authors suggested that the latter behav-
ior is a consequence of a significant aging of the aluminum 
alloy. The process temperature is another critical variable 
for fatigue strength since it can negatively influence the 
substrate microstructure, mainly in the case of alloys with 
low aging temperatures, as observed for instance in [7] for 
a ZrN coating on 7075-T6 aluminum alloy. Therefore, low 
temperature coatings should be preferred, particularly if 
deposited on light alloys, as confirmed in a study on the 
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contribution of type of coating and deposition temperature 
on 7075-T6 aluminum alloy  [8]. The deposition of DLC 
coatings has been found to globally reduce the fatigue 
strength of 7075-T6 aluminum alloy within the number of 
cycles range 200,000–10,000,000  [9–12]. Another study 
which testifies to the doubtful contribution of PVD coat-
ings on fatigue strength, better RCF strength, is presented 
in [13], where a more uniform damage-load diagram was 
obtained for uncoated spur gears compared to the coated 
components. However, it has to be stressed that the loads 
applied in this study were high and for this reason could 
have caused the coating to fracture. In addition, adequate 
polishing is required, i.e. the average roughness must be 
less than 0.1  µm, since the presence of flaws combined 
with the steep residual stress gradient can easily lead to 
crack nucleation and delamination of the coating  [8], 
defeating any attempt to improve the mechanical proper-
ties of the machine component. The choice of good param-
eters, e.g. substrate-coating combination and thermal load 
applied, can significantly improve the fatigue strength of 
the machine components, in particular for low stress levels 
at long fatigue lives [14, 15].

PVD films can be applied in new design strategies for 
high performance spur gears. For example, Kumar and 
Arul [16] experimentally found that a cuprous oxide can 
improve the overall strength of a mild steel spur gear. 
An experimental campaign to find the best coating-sub-
strate combination can be expensive and time consum-
ing. In order to help the mechanical designer save time, 
this paper describes FE models for fatigue and RCF 
which allow the designer to foresee the propagation of a 
crack located in the tooth contact area and the consequent 
number of cycles needed to reach certain crack lengths 
for fatigue and RCF of spur gears, considering different 
substrate-coating combinations and including the effects 
of a possible heat treatment [17–19]. The spur gears of a 
Ducati 1098R competition motorcycle were analyzed, 
considering different materials, treatments and coatings. 
RCF experimental testing on case-hardened uncoated and 
WC/C coated spur gears is shown in [19]. FE models for 
coated Ti6Al4V spur gears were also built to study the 
fatigue performance guaranteed by this solution. Titanium 
alloys are indeed critical for the manufacture of spur gears 
because of their poor shear strength and tribological prop-
erties, and an effective PVD coating could lead to a possi-
ble application of these alloys for high strength-to-weight 
spur gears. Spur gears are fundamental components in 
transmission systems and for this reason a light weight 

should be preferred for them. Saleem et al. [20] proposed 
for example a composite spur gear made of aluminum and 
organic compound and Czinege  [21] applied the Ashby 
model to optimize the mass of the gears. Polymer gears can 
be useful for obtaining low weight transmission systems 
for aerospace and automotive applications and for this rea-
son Zhang et al. [22] studied 3D printed nylon gears. 

In this paper, the best combinations of bulk material – 
treatment for tooth root fatigue and RCF among the ones 
investigated were identified. Innovative solutions with 
appreciable performance are described.

2 Materials and methods
2.1 FE analysis for tooth root fatigue
A comprehensive procedure to analyze the propaga-
tion of a surface crack located at the base of the tooth in 
spur gears is shown in  [17]. The studied spur gears are 
of a Ducati 1098R competition motorcycle and made of 
15NiCr13 steel or Ti6Al4V titanium. A detailed character-
ization of Ti6Al4V under static load in different environ-
ments is presented in [23]. The properties of the materials 
and of the coatings investigated in this analysis are shown 
in Table 1 [17], where E is Young's modulus, ν Poisson's 
ratio, YS the yield tensile strength and UTS the ultimate 
tensile strength. The same surface hardness value was 
adopted for CrN and TiN coatings as the deposition pro-
cesses are similar  [24]. A surface compressive residual 
stress σres = −2,500 MPa was imposed on both coatings, 
according to the measurements conducted in [6].

The 3D FE model of Fig. 1 [17] was created to foresee 
the number of cycles for fatigue crack propagation. Both 
the pinion and the lead gear were modeled to identify the 
load-induced stress distribution at the base of the tooth. 
A semi elliptical crack with a depth of 5 µm and a width 
of 20 µm, normal to the surface, was modelled in the area 
where maximum bending stress is reached. A mesh of linear 
tetrahedral and hexahedral elements was adopted. The mesh 
of the whole model and the detail in the engagement area 

Table 1 Material properties, adapted from [17]

Material 15NiCr13 Ti6Al4V CrN TiN

Condition Case-
hardened Annealed PVD 

coating
PVD 

coating

Hardness [HV] 300 350 2,680 2,680

E [GPa] 206 113 303 600

ν 0.28 0.34 0.20 0.25

YS [MPa] 883 880 N/A N/A

UTS [MPa] 1,128 950 N/A N/A

σres [MPa] 0 0 −2,500 −2,500
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are shown in Fig.  1  (a) and (b), respectively. Due to the 
small size of the crack, it was impossible to have an appro-
priate mesh refinement at the crack tip. For this reason, a 
sub-modeling technique was adopted. Fig. 2 [17] summa-
rizes the technique: Fig. 2 (a) shows the area where the flaw 
was positioned, Fig. 2 (b) the refinement of the mesh in the 
created sub-model, Fig. 2 (c) a general stress distribution in 
the sub-model, Fig. 2 (d) is a detail, in Fig. 2 (e) the dimen-
sions of the cracks are indicated and in Fig. 2 (f) a general 
stress state at the crack front is shown.

The compressive stress field induced by the coating 
deposition, or rather the compressive stress on the surface 
of the component, is related to crack propagation  [17]. 
An adequate self-equilibrated residual stress field must be 
defined in the model, according to [6]. The values of sur-
face residual stress adopted in the model for the CrN PVD 
coating on steel spur gears and the TiN PVD coating on 
titanium are shown in Table 1. The residual stress distri-
bution is characterized by a steep gradient in the coating 
and in the outer region of the substrate. As seen in [6], the 

Fig. 1 3D FE model of the matching spur gears for tooth root fatigue: 
(a) whole model; (b) detail in the engagement area, adapted from [17]

Fig. 2 Sub-modelling technique for the FE analysis for tooth root fatigue: (a) area where the flaw was positioned; (b) refinement of the mesh in the 
sub-model; (c) general stress distribution in the sub-model; (d) detail at the crack tip; (e) size of the crack; (f) general stress state at the crack front, 

adapted from [17]
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residual stress field was introduced by generating an ade-
quate temperature field. In order to prevent the elements 
in the proximity of the crack from overlapping as a con-
sequence of the compression state induced by the coating 
deposition, a contact interaction was implemented.

After the introduction of the residual stresses, it is nec-
essary to determine the stress intensity factor KI , since 
fatigue failure mode I is preeminent in a tooth root. 
The stress intensity factor can be calculated with the Irwin 
elastic model, presented in [25] and described by Eq. (1):

K E r u fI � � �� �� � � �2 1 2� � � ,	 (1)

where u indicates the half crack tip opening displacement 
and f(θ) is defined by Eq. (2):

f � � � �� � � �� � � � � � �2 1 2 3 2sin sin 	 (2)

with χ = 3 − 4v for plane strain state and χ = (3 − v) / (1 + v) 
for plane stress state. For the other parameters it is recom-
mended to refer to Fig. 2 (e).

Equations (1) and (2) provide a linear-elastic stress distri-
bution around the crack tip, assuming a small plasticization 
in this region. This small-scale yielding condition can be 
assumed for alloys with high yield strength [25]. Therefore, 
a linear-elastic material was implemented in the FE model. 

The stress intensity range is calculated by considering 
the effect of the residual stresses as ∆Kapp  =  Kmax  −  Kres , 
where Kmax is the maximum value of stress intensity factor 
and Kres is the stress intensity factor due to residual stresses. 
This model can be applied if no delamination occurs 
between the coating and the bulk material. The threshold 
stress intensity factor range for crack propagation must be 
assessed by adopting the literature models developed for 
the microfracture mechanics regime  [26–29]. The model 
specially designed in [30] for case-hardened spur gears was 
used for the crack propagation from 5 µm to 25 µm, 50 µm, 
100 µm and 200 µm. According to it, the crack propaga-
tion rate da/dN is defined by Eq. (3) for ∆Kth ≤ ∆K ≤ Kc and 
Eq. (4) for Kc < ∆K < KIc :

da dN C K Kn n
th
n� �� � �� �1 � � �� � 	 (3)

da dN C K K K Kn n
Ic
n

Ic
n n� �� �� � �� �1 � � � ,	 (4)

where a is the crack depth and N the number of cycles, 
ΔK the stress intensity factor range, ∆Kth the threshold 
stress intensity factor range and KIc the fracture tough-
ness. The parameters ρ and Kc are defined in Eq. (5):

� � � � �� �K K K K Kth Ic C th IC
0 5.

.	 (5)

The parameters ∆Kth , KIc , n and C depend on the micro-
hardness distribution along the gear thickness, which can 
be altered by the deposition of a coating and by case-hard-
ening, according to Eqs. (6)–(9):

�K Hth � � � �
2 45 3 41 10

3
. . 	 (6)

K HIc � � � �
141 1 64 10

1
. 	 (7)

n H H� � � � �� �
4 31 8 66 10 1 17 10

3 5 2
. . . 	 (8)

log . . .C H H� � � � � � � �� �
10 0 1 09 10 1 40 10

2 5 2 ,	 (9)

where the parameter H is related to the material hardness 
at different material depths, as indicated in Eq. (10):

H H H A d d H� �� � � �� ��
��

�
��
�

2 3 2

2

3
exp

* 	 (10)

where A can be determined as indicated in Eq.  (11) for 
d* ≤ d2 and Eq. (12) for d* > d2 :

A d H H H H� � � �� � �� �� �1
2

2

1 3 2 3
ln 	 (11)

A d d H H Hc� � �� � � �� � �� �� �1 550
2

2

3 2 3
ln ,	 (12)

where d* is the depth from the surface, d2 is the depth of the 
maximum hardness, dc is the thickness of the coating. H1 , 
H2 and H3 are respectively the surface Vickers hardness, 
the maximum hardness and the core hardness. The values 
for the described analysis are shown in Table 2 [17].

The integration of Eqs.  (3) and (4) provides the num-
ber of cycles needed to reach a certain crack depth. 
The obtained results are useful for comparing the perfor-
mances of the various combinations bulk material – treat-
ment investigated in this analysis.

2.2 FEM analysis for RCF
Another source of failure for spur gears is certainly rep-
resented by RCF. In [18] and [19] a model to foresee crack 

Table 2 Material hardness values needed for H calculation, 
adapted from [17]

Material 15NiCr13 15NiCr13 Ti6Al4V Ti6Al4V

Condition Case-
hardened

CrN 
coated Annealed TiN 

coated

H1 [HV] 720 2,680 350 2,680

H2 [HV] 760 2,686 350 2,686

H3 [HV] 300 300 350 350

d2 [mm] 0.2 0.0005 N/A 0.0005

Depth of 
interface 
hardness [mm]

0.5 0.005 N/A 0.005
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growth and tooth spallation is described. Due to the high 
thickness of the gears, a 2D plane strain model contain-
ing the pinion and the lead gear was created. The rotation 
of the gears was simulated starting from the initial tooth 
pair engagement. The gears were constrained to their axis 
by coupling-kinematic interaction. The pinion was left 
unconstrained, and loaded with a torque ranging from 
244 Nm, which was the maximum value of service torque, 
to 300  Nm, which corresponds to 1.2  times the service 
load in order to consider overloading condition. The lead 
gear received a rotation against the torque direction, to 
completely model the contact between the two teeth. 

Because of the difficulties in refining the mesh near the 
crack tip, the sub-modeling technique was also adopted 
in this case of RCF analysis, as shown in Fig.  3  [19]. 
The residual stress distribution induced by the deposition 
process of the coating, which is a WC/C PVD coating in 
this study, was modeled by imposing a pre-stress condi-
tion along the tooth flank tangential direction into appro-
priate solid partitions. The material was pre-cracked in a 
direction parallel to the tooth surface, ensuring an initial 
crack length of 5 μm. The base material was modeled by 
plane strain quadrilateral four-node bilinear elements and 
the coating by two-node, two-dimensional linear truss 
elements. Linear elastic materials were implemented. 
Contact interactions were defined between the tooth pro-
files and the flanks of the crack to avoid overlapping. The 
coefficients of friction implemented in the model are 0.1 
and 0.3 for steel and titanium respectively. The details 
of the global mesh, the sub-model and the initial crack 
are shown respectively in Fig.  3  (a)–(c). Table  1 sum-
marizes the mechanical properties of the Ti6Al4V alloy. 
The mechanical properties of the 16NiCr11 steel adopted 
are: ν = 0.3, YS = 785 MPa and UTS = 1,030–1,280 MPa. 
The parameters needed to rebuild the hardness distribu-
tion induced by case-hardening and WC/C deposition are 

shown in Table  3  [19]. The propagation model used for 
RCF is again the one presented in [30].

2.3 Experimental RCF tests
The RCF tests were conducted with the specifically 
designed testing equipment shown in Fig. 4 [19]. The com-
ponents of the test rig are indicated in Fig. 4 (a). The testing 
torque was applied by transforming the axial load, given 
by a Galdabini 250  kN universal axial testing machine, 
with a leverage system, as shown in Fig. 4  (b). The two 
gears to be tested were mounted on the two shafts of the 
test rig. The driven shaft was constrained by a braking 
system, needed to avoid parasite bending stresses, which 
could cause overloading. The relative movement of the 
matching gears was made possible mainly by the torsion 
of the moving shaft. The amount of rotation was defined 
by setting the longitudinal position of the braking sys-
tem along the shaft. Various tests were carried out on 
case-hardened uncoated and WC/C coated steel gears, in 
dry and lubricated conditions. The final tooth shape was 
determined with a profilometer with the equipment shown 
in Fig. 5 (a). The total volume removed and the maximum 
depth of damage were obtained by comparing the profile of 
the damaged tooth with the original profile, Fig. 5 (b) [19].

3 Results
3.1 FE analysis for tooth root fatigue
Five different crack propagation depths were studied for 
the FE analysis concerning the tooth root fatigue: 5, 25, 
50, 100 and 200 μm. Four base material – treatment com-
binations were investigated: uncoated non-case-hardened 
steel, uncoated case-hardened steel, coated non-case-
hardened steel, coated titanium. The results are shown in 
Table 4 [17]. Fig. 6 shows the stress field near the crack for 
the uncoated (Fig. 6 (a)–(e)) and coated (Fig. 6 (f)–(h)) non-
case-hardened steel gears for different crack depths [17]. 

Fig. 3 FEM analysis for RCF: (a) global model; (b) sub-model; (c) detail of the initial mesh in the crack region, adapted from [19]
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For the latter case, only the stress distributions for crack 
depths greater than or equal to 50 μm are shown, since the 
first crack opening was detected at 100 μm.

Table 3 Materials hardness distributions for H calculation, 
adapted from [19]

Material 16NiCr11 16NiCr11/Ti6Al4V

Condition Case-hardened WC/C coated

H1 [HV] 720 1,200

H2 [HV] 760 1,206

H3 [HV] 300 300

d2 [mm] 0.2 0.0015

Treatment thickness 
[mm] 0.5 0.003

Table 4 Tooth root fatigue: number of cycles to reach a 200 µm crack 
depth, with intermediate stages, adapted from [17]

Crack depth 
[µm] 5–25 25–50 50–100 100–200 Fatigue 

life

Uncoated, 
non-case-
hardened 
steel

- 60,278 
cycles

86,254 
cycles

106,969 
cycles

253,500 
cycles

Uncoated, 
case-
hardened 
steel

- - - - -

Coated, 
non-case-
hardened 
steel

- - 49,976 
cycles

104,184 
cycles

154,160 
cycles

Coated 
titanium - - - 432,220 

cycles
432,220 
cycles

(a)

(b)

Fig. 4 Experimental RCF tests: (a) components of the test rig; 
(b) load application, adapted from [19]

(a)

(b)

Fig. 5 RCF tests: (a) equipment for the measurement of the tooth 
profile; (b) comparison between the profile of the untested and 

damaged gear, adapted from [19]
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3.2 FEM analysis for RCF
As regards the RCF FE analysis, simulations were run on 
case-hardened and WC/C coated steel and Ti6Al4V WC/C 
coated spur gears. For an applied torque of 244 Nm, cor-
responding to the service condition, no propagation was 
detected for a crack depth of less than 185  µm for steel 
gears and 265 µm for those in titanium, as found in [31]. 
The crack propagated under Mode II loading, at an angle 
of about 70° with respect to the initial direction, during the 
earlier propagation stages, while Mode II prevailed later. 
The same material – treatment combinations were studied 
for an applied torque of 300 Nm and an initial flaw of 5 µm. 

The results are presented in Table 5 [18]. The final stress 
distributions are shown in Fig. 7. In detail, Fig. 7 (a) shows 
the final stage of crack propagation for the case-hardened 
steel gear, Fig. 7 (b) for the coated steel gear and Fig. 7 (c) 
for the coated titanium gear [18].

3.3 Experimental RCF tests
Case-hardened steel and WC/C coated steel spur gears 
were tested with a load ratio R  =  0.1, at a frequency 
f = 1 Hz, with a torque of 244 Nm and in lubricated con-
ditions, guaranteed by a F40 racing oil, for 100,000 and 
150,000 cycles. The results in terms of damaged area cross 

Fig. 6 Stress field and stress intensity factor near the crack: uncoated non-case-hardened steel (a) 5 μm; (b) 25 μm; (c) 50 μm; (d) 100 μm; (e) 200 μm; 
coated steel (f) 50 μm; (g) 100 μm; (h) 200 μm, adapted from [17]

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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section Ad and maximum damage depth dd at the middle of 
the tooth thickness in lubricated conditions are reported 
in Table 6 [19].

4 Discussion
4.1 FE analysis for tooth root fatigue
Regarding tooth root fatigue, depositing surface coatings 
could be an alternative to case-hardening even though it 
is not so effective. In detail, the number of cycles shown 
in Table  4 reveals that the application of a coating on a 
steel substrate tends to postpone crack propagation com-
pared to uncoated, non-case-hardened steel, thanks to the 
high compressive residual stresses induced by the depo-
sition process. The surface residual stresses are equal to 
−2,500 MPa. The enhancement in the fatigue limit induced 
by the coating deposition is highlighted also in  [32]. 
However, the fatigue strength of the case-hardened steel 
is the best performance obtained, since case-hardening 
induces much lower stresses on a deeper layer of material.

It has to be stressed that the stress intensity factor range 
is not constant during propagation. This variation could 
not be considered in the adopted model, which was dis-
crete. An average between the stress intensity factor range 
for the initial and for the final crack depth was calculated.

By comparing the results for the coated steel and coated 
titanium spur gears, in terms of number of cycles needed 
for the crack growth from 100  μm to 200  μm, a lower 
crack propagation rate can be observed for the spur gears 
in titanium: 432,220  cycles are needed for the Ti6Al4V 
gears and 104,184 for those in 15NiCr13. The stress inten-
sity factor range is related to Young's modulus of the bulk 
material, which is 113 GPa for titanium and 206 GPa for 
steel. The higher the stress intensity factor range, the 
higher the propagation rate and therefore the lower the 
number of cycles required to reach a certain crack depth.  

Hence the fatigue life of coated Ti6Al4V gears is longer 
than the fatigue life of the coated 15NiCr13 gears and is 
analogous to the one provided by case-hardened steel [17].

4.2 FEM analysis for RCF
In all the cases presented of FEM analysis for RCF, the 
crack propagated both from the top and from the rear 
crack tips with an initial pure Mode II propagation and a 
subsequent mixed mode, with prevalence of Mode II.

As regards the number of cycles to final spallation, the 
case-hardened steel gear showed a significant increment 

Table 6 Experimental RCF tests: results,  
adapted from [19]

Case-hardened WC/C coated

Number of cycles 100,000 150,000 100,000 150,000

Ad [μm2] 1,352 1,561 319 330

dd [μm] 3.0 4.0 1.3 2.0

(a)

(b)

(c)

Fig. 7 FEM analysis for RCF: final stage of crack propagation:  
(a) case-hardened steel; (b) coated steel; (c) coated titanium,  

adapted from [18]

Table 5 FEM analysis for RCF: number of cycles to spallation for a 
torque of 300 Nm and initial crack length of 5 µm,  

adapted from [18]

Material Condition Number of cycles to spallation

Steel Case-hardened 8.59e7

Steel Coated 3.89e6

Titanium Coated 6.71e6
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in cycles compared to the coated, non-case-hardened steel 
gear and the titanium-coated gear, Table 5. The coated tita-
nium gears guarantee a longer fatigue life than the coated 
steel ones, with a 72% increase in performance. As seen in 
Section 4.1, the low crack propagation rate obtained for the 
titanium gears is motivated by the low Young's modulus 
of the bulk material. In addition, the higher friction coef-
ficient of titanium may have played a role since the initial 
propagation mode was found to be Mode II. The best per-
formance of the case-hardened spur gear is again due to 
the high penetration depth of the residual stresses induced 
by the treatment [18]. The deposition of a coating with a 
high influence depth could be a powerful solution and also 
the combined action of coating deposition and case-hard-
ening could be investigated. 

For both loading cases analyzed in this paper, fatigue 
and RCF, the Author underlines the importance of obtain-
ing a coherent residual stress distribution that can be 
implemented in the FE model. FE modelling can be used 
to optimize the variables affecting the fatigue and RCF 
behavior of coated gears [33].

4.3 Experimental RCF tests
The results of the RCF tests summarized in Table 6 clearly 
point out that the deposition of the WC/C coating sig-
nificantly reduces the amount of material removed after 
100,000 and 150,000  cycles and the maximum damage 
depth, thus improving the performance of the case-hard-
ened gears. Lubrication plays a key role in maintaining the 
adhesion of the WC/C film, which has proven to be easily 
damaged or delaminated without lubricating oil [19].

5 Conclusions
This paper summarizes the FE analyses and experimen-
tal tests to evaluate the effects of the bulk material and the 
surface treatment on the fatigue and RCF behaviors of spur 
gears. The procedure allows to identify the best solution.

The tooth root fatigue behavior of non-case-hardened, 
case-hardened and CrN coated 15NiCr11 steel gears, and 
TiN coated Ti6Al4V titanium gears has been studied. 
The outcomes show that the best performance is obtained 
by the classical case-hardened steel spur gear thanks to the 
residual stress field induced by the treatment, which covers 
a very thick layer of the spur gear. However, the deposition 
of TiN on Ti6Al4V can retardate the crack propagation.

The same results have been obtained in the RCF simu-
lation, considering WC/C coated and uncoated case-hard-
ened 16NiCr11 steel: the WC/C coated steel performs bet-
ter than the uncoated, non-case-hardened steel, while the 
case-hardened material has the best performance. Coated 
Ti6Al4V has shown better performance than the coated, 
non-case-hardened steel, suggesting a possible application 
of titanium alloys in high-performance spur gears. 

RCF experiments revealed a marked improvement in 
the tooth surface performance for the spur gears coated 
with WC/C in lubricated conditions, in terms of removal 
of material and maximum damage depth reduction.
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