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Abstract: In this study, a comparative analysis of the fatigue behavior of four types of steels, three of
quenching and tempering (30MnB5 subjected to two different heat treatments and 41CrS4) and one
microalloyed (30MnVS6), was carried out. The objective of the study is to determine if it is feasible
to replace the quenching and tempering steel traditionally used in the manufacture of commercial
vehicle axles (30MnB5) with alternative ones with the same composition but with modifications in
their microstructure that improve their mechanical properties; a quenched and tempered chromium
steel (41CrS4) and one that is microalloyed (30MnVS6). For this, rotary-bending fatigue tests have
been carried out on the four types of steels with different stress levels. The fatigue resistance of
quenched and tempered steels and microalloyed steel was evaluated using the fit of Basquin’s
experimental data. Where possible, the fatigue limit was determined using the maximum likelihood
method. It was concluded that, in general, the fatigue resistance of chromium-alloyed steel is higher
than that of the reference steel, while the rest have lower fatigue resistance. On the other hand, it was
determined that the fatigue limit of microalloyed steel is higher than the reference one and that of the
reference steel is higher than that of the other two steels.

Keywords: microalloyed steels; quenching and tempering steels; rotary bending fatigue; Basquin
method; maximum likelihood method

1. Introduction

The automotive industry is undoubtedly one of the most important industries today.
This industry has a vital influence on the internal economy of both European and Asian
countries, constituting an important factor in increasing employability [1,2]. In this industry
great importance is attached to the selection of the materials used, determining this point
both the production, use and maintenance costs, as well as the durability of the prod-
uct [3,4]. A proper selection of materials used in the manufacture of components such as
shafts, pistons and pumps can significantly reduce failures in service. The aforementioned
components need to have important reliability characteristics. For this reason, it is required
that they be made with materials that possess adequate mechanical properties of strength,
rigidity and hardness, and a sufficiently high resistance to fatigue to avoid component
failure [5].

Low and medium carbon quench and tempered steels are frequently used in the
automotive industry for the manufacture of these components due to their high yield
strength and mechanical strength. These steels contain alloying elements such as Mn, Cr,
Mo and B, among others, which increase the hardness of the steel when it undergoes a
quenching and tempering treatment [6].
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Boron steel is a generic term for a family of low-alloy tempered and annealed steels.
The study of these steels began during the Second World War and experienced a remarkable
boost in the 1950s. As a result of the war, it was critical to find quality elements and
it became necessary to find elements that would constitute an alternative to the more
expensive binders. After a long experimental phase, boron steels only began to take hold
in the 1970s and 1980s, due to the appearance of advanced steel technologies. Today they
occupy a prominent position in the market for tempered and annealed steels. Boron steel
alloys allow them superior strength after hardening by heat treatment. Boron is generally
added to medium-carbon alloy steels to improve performance and to achieve similar
performance compared to high carbon, and other costly alloyed steels. It is preferred
to use this route rather than increasing the carbon and manganese content or adding
chromium and molybdenum as this could reduce ductility during the manufacturing
process. Boron steels, although they have other alloying elements, have boron as one of the
main constituents. They are hypoeutectoid steels, with a ferritic matrix and with pearlite
in their constitution, with about 0.25% carbon by mass. The presence of boron in this
type of steels is very important for hardenability. Boron increases the hardenability of
hypoeutectoid steels by retarding the nucleation of proeutectoid ferrite in the austenitic
grain limits, and to a lesser extent, the transformation of higher bainite, which is nucleated
by ferrite, without appreciably affecting the growth rate of these compounds [7]. A small
amount of boron has a powerful effect on hardenability, increasing the hardening of the
steel [8,9]. The influence on hardenability varies substantially with the carbon content in
the composite. Boron is an interstitial element and has a very low solubility in α-solid
solution (<0.003%) [10,11].

Boron steels coalesce at very high temperatures, and these steels combine wear resis-
tance with high resistance at medium and high temperatures [12]. There are other factors
that influence the effectiveness of boron, such as: the influence of nitrogen content, the
influence of deoxidizers and the negative effect of high austenitizing temperature on the
effect of boron on hardenability [13].

One of these boron steels is 30MnB5 (1.5531) steel, which is frequently used in the
automotive industry to manufacture the front axles of industrial vehicles [14,15]. It is a steel
alloyed with chromium and molybdenum and acquires its final mechanical properties after
being subjected to a quenching and tempering treatment. The starting microstructure of this
steel is, fundamentally, pearlitic, with the presence of some particles of ferrite and cemen-
tite [14–16], obtaining a microstructure formed mainly by tempered martensite [15,16] after
heat treatment. One of the advantages of 30MnB5 steels is that quenching and tempering
makes the steel stronger and harder, thus increasing the durability of the final components
that usually have a useful life that is double or triple that of items made from 65 G grade
steels [17].

41CrS4 (1.7039) steel is also a quenched and tempered steel, and the fundamental
difference to the previous one is that it is a chromium steel (between 0.9 and 1.2%) and
does not contain boron. This type of steel is also used in the automotive industry [18].
It has mechanical properties that can be comparable to those of the referenced boron
steel [19]. Both boron steel (30MnB5) and chromium steel (41CrS4) are steels that require
heat treatment for quenching and tempering to provide the required characteristics, so
they can be replaced by other materials that avoid this process, thus saving energy costs
and manufacturing time associated with it [20], which constitutes a search of notable
interest. In this regard, microalloyed steels are an excellent alternative since they can have
equivalent mechanical characteristics without the need to undergo any additional heat
treatment. These steels can be presented in different structural forms, which are obtained
by varying the composition of the microalloys [21,22]. However, it is necessary to ensure
that, in addition to the savings benefits achieved by avoiding heat treatment, the required
mechanical properties are maintained and have adequate resistance to fatigue [23].

A proposal to replace the previously mentioned reference quench and tempered steel
(30MnB5) in the manufacture of commercial vehicle axles is 30MnVS6 steel (1.7225). This



Appl. Sci. 2022, 12, 2369 3 of 14

steel is a vanadium microalloyed steel with a high sulfur content, and that can be hardened
by precipitation. During heating in the manufacturing process, vanadium dissolves in
austenite, subsequently precipitating in the form of fine V (C, N) particles, which favor the
appearance of proeutectoid and pearlitic ferrite [20,24]. The sulfur content improves the
machinability properties of steel [25,26].

The steel currently used in the manufacture of this type of element, vehicle axles, does
not present a specific problem that makes its substitution mandatory. However, if it were
possible to find a material that improves the response to fatigue of the reference, this would
imply an increase in the useful life of the parts. In this way, a clear economic benefit would
be obtained. The alternatives proposed for this purpose must ensure, at least, mechanical
properties (strength) similar to commercial steel.

The main objective of this research is twofold. On the one hand, evaluating whether
a minimal modification in the mechanical properties of the reference steel, 30MnB5, that
represents an improvement also implies a benefit in fatigue behavior. On the other hand, to
determine if the two steels proposed as alternatives (the second for quenching and temper-
ing, 41CrS4, and the microalloyed steel, 30MnVS6) can adequately replace conventional
steel in the manufacture of axles in heavy vehicles. For this, in addition to complying with
the requirements regarding mechanical properties, the fatigue behavior of both steels will
be evaluated to ensure that the behavior of the proposed alternative is, at least, similar to the
reference one. For this purpose, rotary-bending fatigue tests will be carried out according
to ISO 1143: 2021 Metallic materials—Rotating bar bending fatigue testing [27] on the four
types of steels, and the observed fracture mechanisms will be evaluated, analyzing the
fracture surface with a Scanning Electron Microscope (SEM).

2. Materials and Methods

Four different types of steels have been used for this study. The first two are boron-
alloyed quenching and tempering steels, designated 30MnB5, complying with the require-
ments of the standard UNE-EN ISO 683-2: 2019 Heat-treatable steels, alloy steels and
free-cutting steels—Part 2: Alloy steels for quenching and tempering [28]. This type of steel
is normally oil quenched. In the present study, it will be evaluated whether a quenching in
water, which entails a modification in the mechanical properties and the fatigue behavior,
is beneficial compared to the reference material quenched in oil. Oil-quenched boron steel
will be called 30MnB5 (B1) and water-quenched 30MnB5 (B2). Steel B1 was subjected to a
quenching treatment with an austenitization temperature of 800 ◦C and subsequent cooling
in oil for a period of 8 min. Steel B2 was treated in the same way, but by modifying the
cooling in oil by water and keeping the rest of the parameters. In both cases, after the
hardening treatment, tempering was carried out. For this, a treatment temperature of
550 ◦C was used and the cooling was in the air. With this sequence, both present tempered
martensite in their microstructure [14–16,29].

As an alternative to these two options, the use of another steel for quenching and tem-
pering is proposed, 41CrS4 (according to the same standard [28]) and a microalloyed
steel, 30MnVS6, which meets the requirements established in the standard UNE-EN
10,267:1998 Ferritic-pearlitic steels for precipitation hardening from hot working tem-
peratures [20,24,30–32]. The first (41CrS4) was subjected to a quenching and tempering
treatment to obtain a tempered Martesite structure with the following parameters: aust-
enization temperature of 850 ◦C and cooling in water for 10 min; tempering temperature
of 540 ◦C and air cooling. Microalloyed steel is a pearlitic–ferritic steel that hardens by
precipitation during the hot-forming process. It was tested without heat treatment since an
alternative is sought that, avoiding this process, is competitive [33].

Table 1 shows the compositions, in percent by weight, indicated in the respective
standards for the steels used in the study, and Table 2 indicates the required mechanical
properties. For quenched and tempered steels, minimum values are established for the
yield strength (Re), elongation (ε), stricture (Z) and Charpy impact resistance measured
with a V-notch (Charpy V-Notch, CVN), and a range of values for the tensile strength
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(Rm). The same benchmarks are set for microalloyed steel, but there is no requirement for
toughness.

Table 1. Composition of the steels used according to the corresponding standards.

Steel % wt C Si Mn P S Cr Mo Cu B N V

30MnB5
min 0.27 - 1.15 - - - - - 0.0008 - -
max 0.33 0.40 1.45 0.025 0.035 - - 0.40 0.0050 - -

41CrS4
min 0.38 0.10 0.60 - 0.02 0.90 - - - - -
max 0.45 0.40 0.90 0.025 0.04 1.20 - - - - -

30MnVS6
min 0.26 0.15 1.20 0.025 0.02 - - - - 0.01 0.08
max 0.33 0.80 1.60 0.05 0.06 0.30 0.08 - - 0.02 0.20

Table 2. Mechanical properties required by the standards for each steel.

Steel Re (MPa) Rm (MPa) ε (%) Z (%) CVN (J)

30MnB5
min 650 800 13 50 60
max - 950 - - -

41CrS4
min 560 800 14 40 55
max - 950 - - -

30MnVS6
min 450 700 14 30 -
max - 900 - - -

Tables 3 and 4 show the chemical composition and the mechanical properties deter-
mined for the steels used in the present research.

Table 3. Chemical composition of the four evaluated steels.

Steel Key C Si Mn P S Cr Mo B N V

30MnB5 B1/B2 0.325 0.275 1.5 0.02 0.0275 - - 0.0025 - -

41CrS4 EC 0.395 0.40 0.80 0.035 0.035 1.0 - - - -

30MnVS6 MV 0.36 0.62 1.4 0.022 0.057 0.19 0.03 - 0.13 0.09

Table 4. Mechanical properties of the four types of steel evaluated.

Steel Key Re (MPa) Rm (MPa) ε (%) Z (%) CVN (J)

30MnB5
B1 851 944 14.18 59.27 98
B2 915 1006 14.52 55.69 -

41CrS4 EC 982 1062 12.69 56.52 -

30MnVS6 MV 617 889 12 40.9 50

As can be seen in the values shown in Table 4, the tensile strength and the yield strength
of boron steel tempered in water (B2) are higher than the values shown for traditional steel
tempered in oil (B1). The steel hardened and annealed with chromium (EC) presents higher
values than the previous two, while the microalloyed steel (MV) reaches lower values. It is
also observed that the Re/Rm ratio for B1, B2 and EC steels is similar: 0.90, 0.91 and 0.93
respectively. For MV steel this ratio is significantly reduced to 0.69.

Aliakbari et al. [34] state that the majority of combustion engine vehicle axle failures are
due to fatigue failures related to bending stresses. Therefore, the evaluation of the fatigue
resistance of alternative steels is essential to establish whether the reference steel—30SnB5
(B1)—can be substituted for them.
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In order to evaluate the fatigue behavior of the two steels considered in the study, the
rotary-bending fatigue test was used, following the corresponding standard [27]. Figure 1
shows the device used for the fatigue tests and a detailed image of the clamping of the
specimen.
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Figure 1. Device used for the test (a) A more detailed view of the same device (b). In the figure, A is
axis of rotation linked to the motor at the far left of the figure, B the force transducer, C the masses, D
the sample and E the load axis at the end of the specimen.

In this type of test, the stress is applied to the specimen in the form of a bending
moment generated by applying a load to one of the ends of the specimen. In this way, the
specimen, at a given moment, has an induced tensile stress on the upper surface, while
the lower surface is subjected to compression (Figure 2). This situation is reversed when
the specimen is rotated, establishing a complete cycle in each rotation [35,36]. Under these
alternating stress conditions, the load ratio is R = −1.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 14 
 

  

(a) (b) 

Figure 1. Device used for the test (a) A more detailed view of the same device (b). In the figure, A is 

axis of rotation linked to the motor at the far left of the figure, B the force transducer, C the masses, 

D the sample and E the load axis at the end of the specimen. 

In this type of test, the stress is applied to the specimen in the form of a bending 

moment generated by applying a load to one of the ends of the specimen. In this way, the 

specimen, at a given moment, has an induced tensile stress on the upper surface, while 

the lower surface is subjected to compression (Figure 2). This situation is reversed when 

the specimen is rotated, establishing a complete cycle in each rotation [35,36]. Under these 

alternating stress conditions, the load ratio is R = −1. 

 

Figure 2. Stresses on the specimen at a given instant of the test (tension in the upper part and com-

pression in the lower part). 

The geometry of the tested specimens corresponds to the type 3 set forth in the stand-

ard (Hourglass specimen—Single-point loading), The dimensions of the specimens are 

shown in Figure 3a. The assembly scheme of the specimen in the test equipment is shown 

in Figure 3b. 

 

 

(a) (b) 

Figure 3. Shape and dimensions of the tested specimens (a) Assembly of the specimen in the test 

device (b). 

As can be seen in the figure, the specimens have a cylindrical section of 4 mm (d) in 

the test area and 9 mm (D) in the clamping area. The samples have been carefully ma-

chined, maintaining an average roughness, Ra, less than 0.2 µm as recommended in the 

standard and in other previously published studies [27,37]. Since the initiation of fatigue 

cracks is a process that takes place preferentially on the surface [38], if there was a poor or 

uneven preparation of the samples, the results obtained could present a very high disper-

sion and be inconclusive. 

Figure 2. Stresses on the specimen at a given instant of the test (tension in the upper part and
compression in the lower part).

The geometry of the tested specimens corresponds to the type 3 set forth in the
standard (Hourglass specimen—Single-point loading), The dimensions of the specimens
are shown in Figure 3a. The assembly scheme of the specimen in the test equipment is
shown in Figure 3b.
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Figure 3. Shape and dimensions of the tested specimens (a) Assembly of the specimen in the test
device (b).

As can be seen in the figure, the specimens have a cylindrical section of 4 mm (d) in the
test area and 9 mm (D) in the clamping area. The samples have been carefully machined,
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maintaining an average roughness, Ra, less than 0.2 µm as recommended in the standard
and in other previously published studies [27,37]. Since the initiation of fatigue cracks is
a process that takes place preferentially on the surface [38], if there was a poor or uneven
preparation of the samples, the results obtained could present a very high dispersion and
be inconclusive.

The determination of the applied stress in the specimen is carried out using the
following equation:

S = K
Mc

I
(1)

where K is the stress concentration factor, M the bending moment of the force applied to
the specimen, c is the distance perpendicular to the neutral axis from where the maximum
stress acts (σm) and I the moment of inertia of the cross section.

To calculate K, it is taken into account that the relationship between D/d and r/d is
2.2 and 5, respectively (where r is the radius of agreement, 20 mm). The result obtained for
K is a value close to 1 [39]. For the type of geometry used, the corresponding standard [27]
establishes that the applied force is determined with the following expression:

F = S
πd3

32(L − x)
(2)

where L is the length from the clamping point of the specimen to the point of application of
the load and x is the distance between the clamping point and the midpoint of the sample.
For the tested specimens, the distance (L − x) is 52.5 mm.

In the rotary-bending fatigue tests carried out, different stress levels have been used.
The values used have been chosen as percentages of the yield strength provided by the
manufacturer for each type of steel and are shown in Table 5. In none of the cases has 100%
of the yield strength been reached to avoid fatigue tests being carried out in the plastic
regime of the steels. In order to cover the widest possible range of stresses, values between
40% and 90% of Re have been proposed

Table 5. Values of maximum stress amplitudes, S (MPa), used in the rotary-bending tests for each
evaluated steel.

Key B1 B2 EC MV

MPa 30MnB5 30MnB5 41CrS4 30MnVS6

40% Re - 366 393 -
50% Re 424 - 494 324
60% Re 511 559 586 388
70% Re 596 653 685 452
78% Re - 717 - -
85% Re 723 777 838 -
90% Re - - 581

The Wöhler curves (S-N), where N is the numbers of cycles, for ferrous alloys show a
limiting stress below which fatigue failure does not occur [40,41]. This value, known as
the fatigue resistance limit, is the inversion point of the S-N curve and it is normally in the
range of 105 to 107 cycles. Considering this range of values, the decision was made to end
the fatigue test in 106 cycles. From 106 cycles, infinite life fatigue would be considered for
the materials under study.

The results obtained in the rotary-bending fatigue tests have been refined using the
Grubbs statistical analysis [42]. This statistical treatment made it possible to discard atypical
or extreme results that presented discordance with the rest of the measurements.

The Wöhler curve was fitted using the Basquin method [43]. A characteristic of fatigue
tests is that, despite their large dispersion, the fatigue resistance data (for a specific stress
level) follow a logarithmic distribution (Gaussian distribution). Thus, it is possible to use
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the associated half-life curve and the standard deviation to define a calculation S-N curve
for any probability of fatigue [44]. This methodology is the one that was used to carry out
the comparative analysis of the fatigue results of the four types of steels.

For the determination of the fatigue limit, in the cases in which it was possible, the
maximum likelihood method was used [45,46], with which, from a sample of data, it was
sought to find the population with the highest probability having generated this sample. A
detailed explanation of this statistical method, used for parameter estimation with great
frequency, was published by Myung in 2003 [47].

Finally, an analysis of the fracture surfaces was carried out after the rotary bending
fatigue tests in the two alternative types of steels evaluated by means of observation with
scanning electron microscopy (SEM).

3. Results and Discussion

Firstly, the S-N curve was parameterized using the Basquin equation, allowing the
prediction of fatigue resistance in the finite life range, which is between approximately
one thousand and one million cycles. Fitting the S-N curves using the Basquin method is
equivalent to expressing the fatigue strength as a straight line of slope b in the S-N diagram
represented in logarithmic scale:

S = ANb

logS = b × logN + C, donde C = logA
(3)

where A and b are the characteristic fitting coefficients of the material and of the test
conditions that are determined experimentally. A represents the stress required to produce
the fracture with only one stress cycle, and b is the so-called Basquin exponent. The Basquin
exponent characterizes the sensitivity to the change in the number of failure cycles when a
certain stress level is applied.

For the 30MnB5-B1 steel (reference steel), four specimens were tested at the 60% Re
level (511 MPa), of which two did not break. At the 50% Re level, two specimens were
tested and none broke. For the 30MnB5-B2 steel (water quenched), four specimens were
tested at the 40% Re level and all broke. For 41CrS4-EC steel, the minimum load level tested
was 40% of Re (393 MPa) and the four specimens broke. Finally, for the 30MnVS6-MV steel,
six specimens were tested at the 50% level of Re (324 MPa), of which two did not break, so
it was decided not to test at lower load level. Therefore, for B1 and MV steels, the minimum
stress value tested was 50% of Re, since for lower values the infinite life regime was entered.
For high load values, only for MV steel adequate results were obtained when the stress
level was 90% of Re, so that for the rest of the samples the maximum tension tested was
85% of Re.

3.1. Fatigue Resistance

In Figure 4 the experimental S-N curves of the tested steels and the fitted curve are
shown, and in Table 6 the values obtained for the fitting coefficients of the Basquin equation
and the regression coefficient, R2.

Table 6. Fitting coefficients, A and b, obtained with the Basquin method and regression coefficient of
the fitting coefficients.

Steel Key A (MPa) b R2

30MnB5 B1 2048 −0.123 0.62
30MnB5 B2 3701 −0.188 0.98
41CrS4 EC 4407 −0.198 0.95

30MnVS6 MV 1755 −0.126 0.42
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In Figure 4a it can be observed that in the case of the 30MnB5 reference steel (B1), only
the data of three stress levels are represented, since for the lowest level tested (50% of Re)
none of the specimens broke, and at the next level, 60% Re, only two of them did. For B1
and MV steels a high dispersion is observed, in particular at the highest load levels; this
was due to the fact that the specimens supplied by the manufacturer had a higher surface
roughness than the other two materials. In all cases, a surface roughness, Ra, lower than
the value of 0.2 microns established was ensured, so it is guaranteed that the four steels
have an adequate surface finish to obtain results in valid fatigue tests.

As already indicated, despite the great dispersion in the data, the Wöhler curves can
be analyzed by means of a statistical treatment that allows defining a calculation S-N curve
for any probability of fatigue. In this way, this curve will be used as a reference to compare
the fatigue response of the four types of steel studied. With the data from the fatigue tests in
the finite life range, the arithmetic mean of the failure cycles was calculated, N, he standard
deviation, D, and the standard error of the mean value of the number of cycles, DN. Table 7
shows the values obtained for these parameters.

From the data in Table 7, the compared fatigue resistance was represented for the four
steels evaluated (Figure 5).

From Figures 4 and 5 it can be observed that the fatigue resistance of the reference
30MnB5 (B1) steel (blue line) is slightly higher than that observed for the same modified
steel (B2), despite the fact that the yield strength and the tensile strength of the latter is
greater. Microalloyed steel with vanadium (30MnVS6, orange line) has a resistance to
fatigue very similar to that of reference steel for low load values. Since its elastic limit is
significantly lower, its application with high loads is ruled out. Furthermore, with load
values lower than 500 MPa, the fatigue behavior is clearly worse than that of the reference
steel, which at that load level seems to have reached the fatigue limit. The quenched and
tempered chrome steel (41CrS4-EC) has a higher fatigue resistance than the other steels in
the range of stresses studied. However, in this stress range it was not possible to establish
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a fatigue limit, as was the case for both the reference steel and the microalloyed steel. To
determine this limit, further tests will be necessary, which will be addressed in later studies.

Table 7. Statistical values obtained for the experimental fatigue data.

Steel Key S N D DN

30MnB5 B1
723 7570 3646 1823
596 2558 12,927 6463
511 41,272 27,451 19,411

30MnB5 B2

777 4018 461 266
717 5133 110 78
653 12,360 2359 1668
555 3292 9081 5243
368 197,278 33,871 16,935

41CrS4 EC

836 3671 671 387
685 14,446 911 526
585 36,579 8269 4135
493 58,825 13,922 6961
393 166,047 45,099 22,550

30MnVS6 MV

581 26,758 20,361 9106
452 104,264 97,701 43,693
388 169,139 130,124 65,062
324 198,301 221,258 110,629
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3.2. Fatigue Limit

For B1 and MV steels the run-out data were used (Specimens surviving the 106-cycle
program) to evaluate the limit of resistance to fatigue. This limit represents the load
threshold for fatigue stress states, below which it can be assumed that the useful life of the
material is infinite. The statistical calculation procedure used was the maximum likelihood
method, which is based on the hypothesis of normality in the fatigue limit distribution [48],
and that the probability of observing what has been obtained experimentally will be:

V =
n

∏
i=1

[1− P(Si, x, σ)]ri [1− P(Si, x,σ)]fi (4)



Appl. Sci. 2022, 12, 2369 10 of 14

where ri is the number of runouts at the i-th load level (Si), fi is the number of failures
observed at that same stress level, P is the cumulative probability of failure, x is the mean
value and σ the standard deviation. The value of P is calculated according to Equation (5).

P(S, x,σ) =
∫ S

−∞

1
σ
√

2π
exp

[
−1

2

(
x− x
σ

)2
]

dx (5)

To maximize the likelihood, the values of x and σ that maximize the probability are
calculated, for which Equation (4) is expressed as a natural logarithm.

lnV =
n

∑
i=1

ri ln(1− Pi)+filnPi (6)

where Pi es P (Si, x, σ). Using the Matlab program, the partial derivatives with respect to x
and σ are calculated and set equal to zero, thus determining the values of the fatigue limit,
Sl, and the corresponding standard deviation, D [49]. The results for the 30MnB5-B1 and
30MnVS6-MV steels are shown in Table 8.

Table 8. Fatigue limit values and standard deviation obtained for the 30MnB5-B1 and 30MnVS6-MV
steels with the maximum likelihood method.

Steel Key Sl(MPa) D (MPa)

30MnB5 B1 326.16 7.34
30MnVS6 MV 233.72 153.49

According to these data, the fatigue limit that represents the maximum load threshold,
which guarantees the infinite life of the material in fatigue, is 326 MPa for quenched and
tempered steel (B1) and 233 MPa for microalloyed steel (MV). Comparing the results
presented, the fatigue limit of microalloyed steels represents a decrease of 28% in the load
capacity in fatigue with respect to quenched and tempered steels. In both cases these values
represent approximately 38% of their respective yield strengths. On the other hand, the
fatigue index, which represents the relationship between the limit of fatigue resistance and
tensile strength, is 45% and 40% for B1 and MV steels, respectively. The resistance reduction
is more significant, from this point of view, for B1 than for MV. These results could indicate
a greater correlation between the yield strength (associated with plastic deformation and,
therefore, dislocation displacement) than with tensile strength.

3.3. Fractography

In order to complement the analysis of the fatigue behavior, the study of the fracture
surface was carried out by means of scanning electron microscopy (SEM). Representative
samples of each steel were chosen. In the most interesting cases, photos were taken at
higher magnifications to study the cracks or micro holes that could be associated with the
fracture process, due to the inclusion of second-phase particles.

The images in Figure 6 correspond to the reference tempering and tempering steel
specimen (30MnB5-B1) tested at a stress level of 70% of its yield strength, equivalent to
the stress of 596 MPa. The fracture occurred at 29,987 cycles. Image (a) shows the global
fracture surface. The area marked with a white circle indicates the separation between the
fatigue failure zone and the final ductile fracture. Image (b) shows the density of holes
found in the ductile fracture zone.
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Figure 6. Fracture surface of the reference quenched and tempered steel (30MnB5-B1) subjected to
the rotary bending fatigue test with a stress of 70% Re. (Complete fracture surface (a) and detail (b)).

Figure 7a shows the complete fracture surface observed for the 30MnB5 (B2) steel
subjected to a stress of 559 MPa (60% Re). The fracture occurred at 35,259 cycles. The final
fracture occurs in the marked area. Figure 7b shows an enlargement of this fracture zone,
where very little ductility is observed.
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Figure 7. Fracture surface of modified quenched and tempered steel (30MnB5-B2) subjected to rotary
bending fatigue test with a stress of 552 MPa. (Complete fracture surface (a) and detail (b)).

Figure 8 shows the SEM images obtained for the 30MnVS6 microalloyed steel tested
with a stress of 581 MPa, which corresponds to 90% of its elastic limit. The fracture was
reached at 32,754 cycles. Figure 8a shows the complete fracture of the specimen. On this
image, the line that marks the difference between the fatigue fracture and the final ductile
fracture was represented. Figure 8b shows the ductile fracture zone in detail, where the
high density of cracks associated with ductile fracture can be seen, with an average size
between 30 and 75 µm. In its interior are some second phase particles, which are possibly
the triggers of the crack.

Figure 9 shows the images of the failure surface obtained for the quenched and
tempered steel alloyed with chromium (41CrS4-EC) when it is tested with a stress equivalent
to 60% of its elastic limit (586 MPa). The number of cycles to failure was 36,062. Image (a)
shows the general appearance of the fracture. The area where the final fracture occurs was
marked. Image (b) shows this area with higher magnifications. A brittle fracture with tear
can be observed, as well as micro voids generated by the cohesion of particles.
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4. Conclusions

First, it was shown that the 30MnB5-B2 steel, despite having higher yield strength and
tensile strength values than the reference steel 30MnB5-B1, does not improve its response
to fatigue. For the reference steel, 30MnB5-B1, in the tests carried out with loads below
500 MPa, failure was not reached before 106 cycles, while for the modified steel, failure
still occurred for tests with loads below 400. MPa. This response is understood taking into
account the inverse relationship that exists between the yield strength in the conventional
mechanical behavior of the material and the fracture toughness associated with the brittle
fracture process. In Fracture Mechanics, it is known that the maximum crack length in a
material is inversely proportional to its yield strength; therefore, when the yield strength is
raised, the material is structurally weakened, favoring the unstable propagation of cracks.

Microalloyed steel exhibits lower fatigue strength than the reference quench and
tempered steel, even at lower test loads. This trend is confirmed in particular for life cycles
greater than 106 cycles, given that the fatigue limit of microalloyed steel is 30% of that of
reference quenched and tempered steel.

Chromium-alloyed quench and tempered steel (41CrS4-EC) does present a resistance
to fatigue superior to the reference and, in general, to all the others evaluated, especially at
a low number of cycles. It is not observed, for the range of 103–106 cycles tested, that in this
case the fatigue limit of this steel is reached, which was the case with the reference steel
and the microalloyed.

The results obtained for B1 and MV steels seem to indicate that the fatigue limit has a
greater relationship with the phenomena of plastic deformation, dislocation displacement,
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and therefore with the yield strength than with the tensile strength. Future research will
propose to evaluate whether this result can be extended to the other two steels considered.
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