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Investigating the effect of hardness, size, and position of inclusions on the fatigue 
strength of the steel AISI 304

ABSTRACT

One of the most crucial factors influencing the strength and quality of steels is the 
presence of non-metallic inclusions. Studies demonstrated that non-metallic inclusions 
in industrial parts diminish their fatigue strength. On the other hand, their hardness is 
another influential parameter affecting the fatigue strength of steels. Therefore, this re-
search investigated the impact of non-metallic inclusions on the fatigue strength of AISI 
304 steel with three hardness of 170, 250, and 330 Vickers. This research revealed that 
as the hardness decreases, the fatigue strength of the part also decreases. Additionally, 
an examination of the failure surfaces of the parts using scanning electron microscopy 
(SEM) indicates that non-metallic inclusions are the root cause of fatigue failure in the 
samples. Finally, employing Murakami relations, parameters such as stress intensity 
factor and critical inclusion size were determined for steel with hardness levels of 170, 
250, and 330 Vickers. The critical inclusion size for steel with hardness levels of 170, 
250, and 330 Vickers was calculated as 32.7, 24.8, and 15 micrometers, respectively.
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1. Introduction

Today, between 80 to 90% of part failures are due to 
fatigue [1]. Fatigue failure has various reasons, the most 
important of which are surface roughness, microstruc-
ture, size and position of inclusions, sample hardness, 
surface residual stresses, etc. [2, 5]. The existence of 
non-metallic inclusions is one of the biggest problems for 
steel producers. The formation of non-metallic inclusions 
occurs during the steel production process, and these in-
clusions significantly affect the mechanical properties of 
steel [6, 7]. Most non-metallic inclusions consist of oxide 
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and sulfide compounds.
Given that, almost all fatigue failures start from 

points with stress concentration, and since non-me-
tallic inclusions are also one of the sources of stress 
concentration in industrial parts, investigating these in-
clusions and their effect on the fatigue strength of steel 
is of great importance. On the other hand, hardness is 
an important parameter in determining steel's fatigue 
limit [8-13]. Experimental results show that the fatigue 
strength of steels is directly related to their hardness. 
According to Murakami's findings, when Hv < 400 and 
the material is without defects, Eq. (1) can be used to 
determine the resistance of the steel structure against 
fatigue [14].

𝜎𝜎𝑤𝑤𝑤𝑤 = 1.6 Hv                                  Eq.(1)

In Eq. (1), σw is the laboratory sample's fatigue limit 
under the rotational bending test (R=-1), and Hv is Vick-
ers hardness. When the cause of fatigue failure is the 
presence of non-metallic inclusions in part, the fatigue 
limit can be predicted using Eq. (2) [15].
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Eq.(2)

In Eq. (2), the area is equal to the area of the inclusion 
image perpendicular to the axis of applied stress.

This study aims to find a simple and efficient way to 
determine the fatigue limit of parts considering the ef-
fect of non-metallic inclusion as the main parameter of 
fatigue failure and using the Vickers hardness parame-
ter. Therefore, Murakami et al.  introduced the inclusion 
effective area parameter (√area) to investigate the effect 
of inclusion on fatigue strength quantitatively. Also, ac-
cording to their results, the stress intensity factor, i.e. 
(𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 ) at the inclusion location is calculated according 
to Eqs. (3) and (4) for surface and internal inclusions, 
respectively [15]:

 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚= 0.65 a √𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
 

 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚= 0.5 a √𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

 

           Eq.(3)

 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚= 0.65 a √𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
 

 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚= 0.5 a √𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

 
                     Eq.(4)

In Eqs. (3) and (4), σa is equal to the stress on the in-
clusion, which is determined using Eq. (5) [15]:

a =  (1-2𝑑𝑑𝐷𝐷 ) 

 

                         Eq.(5)

In Eq. (5), σ is the applied stress on the sam-
ple, d is the distance of the inclusion from the sam-
ple surface, and D is the diameter of the laboratory 
sample [15].

On the other hand, the research results of many re-
searchers [16-20] showed that reducing the inclusion size 
decreases the probability of fatigue failure of the part. 
On the other hand, these researchers found that there is a 
critical size for inclusion. If the size of inclusion in steel 
is smaller than this critical size, non-metallic inclusions 
are no longer the source of fatigue cracks. There are dif-
ferent methods to determine the essential size of inclu-
sion. In this research, three extrapolation methods were 
used: Murakami's equations and the method proposed by 
Saberifar. 

In the extrapolation method [21, 22], the diagram of 
inclusion size or (√area) leads to sample fracture accord-
ing to the distance of the inclusions from the surface of 
the sample drawn. Then, to obtain the critical inclusion 
size, a line passes through two points below which there 
are no other points, and finally, this line is continued until 
it intersects the axis of the inclusion area. This method re-
ports the intersection of the drawn line with the inclusion 
area axis as the critical inclusion size.

Some researchers have proposed Eq. (6) using 
Murakami's equations to predict the critical inclusion 
size [21].

 = C (1 + 120
HV

)6                      Eq.(6)

In this equation,   is equal to the critical inclusion di-
ameter in micrometers, and C is a constant number for 
three internal, surface, and subsurface inclusions equal 
to 0.969, 0.813, and 0.528, respectively [21].

To predict the critical size of fatigue failure inclu-
sion, Saberifar [23] proposed a new method based on 
stress concentration created by the inclusion that leads 
to failure. The obtained results show that the stress 
concentration parameter resulting from the inclusion 
leads to fatigue failure correctly describes the fatigue 
life of the sample. Because stress intensity factor 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚  
includes the inclusion size. Therefore, it is considered 
the best option for predicting the critical inclusion size 
of the fatigue part. As a result, the critical inclusion 
size can be obtained by replacing the essential value 
of the parameters in this relationship. In this regard, 
first, the smallest value of the stress intensity factor 
among the tested samples, i.e., 𝐾𝐾`

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚  , is considered as 
the maximum resistance of the microstructure against 
the stress concentration caused by inclusions. On the 
other hand, the sample's fatigue limit is also consid-
ered the maximum acceptable stress to be applied to 
the piece. Therefore, due to surface inclusions being 
more destructive than other inclusions, Eq. (3) can be 
rewritten to determine the critical inclusion size as
 follows:

𝐾𝐾`
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚= 0.65 w √𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐 

 

               Eq.(7)

In this research, the maximum critical inclusion size 
was determined for AISI 304 steel with three hardness-
es: 170, 250, and 330 Vickers, and the accuracy of the 
obtained numbers was investigated.

AISI 304 steel is placed in the category of 
chrome-nickel austenitic stainless steel. This steel has 
acceptable corrosion resistance due to low carbon and 
relatively high chromium and nickel, and it is also suit-
able for structures that require welding. Also, excellent 
toughness, high strength, and elongation are among the 
other advantages of AISI 304 steel, making it perform 
well in bending, deep drawing, cold forming, and roll-
ing processes. As a result, this steel is widely used in 
various fields [24]. On the other hand, as mentioned, 
in the industry, between 80 to 90% of parts failure oc-
curs due to mechanical fatigue. In addition, one of the 
most important factors of fatigue failure in steel parts 
is the presence of non-metallic inclusions. On the oth-
er hand, hardness is another parameter influencing the 
fatigue strength of steels. As a result, in this research, 
the effect of hardness, size, and location of non-metallic 
inclusions on the fatigue strength of AISI 304 steel has 
been investigated.

𝜎𝜎𝑤𝑤𝑤𝑤 = 1.43 (Hv+120)
(√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)1 6⁄  

 

V. Ghaffari Aliabad et al. / International Journal of ISSI, Vol. 20(2023), No. 1, 73-81



75

it is similar to an ellipse, the elliptic relation is used to 
calculate the square of the area.

3. Results and Discussion
3.1. S-N diagram

Fig. 2. shows the S-N diagram from the fatigue test 
for all the examined samples. Since the stress at which 
the sample can withstand 2 ×106 cycles without breaking 
is called the fatigue limit or σw, the samples that endured 
this number of cycles in this test were separated from the 
machine.

According to this diagram, the fatigue limit for steel 
with a hardness of 330 is equal to 385 MPa; for steel 
with a hardness of 250 Vickers, it is equal to 355 MPa; 
and for steel with a hardness of 170 Vickers, it is equal 
to 225 MPa. Therefore, according to the obtained results, 
samples with a hardness of 330 Vickers have higher 
strength than samples with a hardness of 250 Vickers, 
and samples with a hardness of 250 Vickers have a higher 
strength than samples with a hardness of 170 Vickers. 
In conclusion, these results clearly show that the fatigue 
strength of the samples is directly related to their Vickers 

2. Research materials and methods

In this study, samples of AISI 304 steel were made ac-
cording to the DIN 50113 standard to perform the fatigue 
test. In Fig. 1. the map of the manufactured samples can 
be seen. The chemical composition of the raw material 
is given in Table 1. Also, to check the effect of hardness 
in this study, samples were subjected to annealing heat 
treatment until samples with three hardness of 170, 250, 
and 330 Vickers were prepared. Table 2. shows the heat 
treatment process. The fatigue test was also performed 
with a rotating-bending device at a speed of 5800 rpm 
and a stress ratio of R=-1. The test was continued until 
the sample broke or completed 2×106 cycles. The fracture 
surfaces of the samples were examined using a Scanning 
Electron Microscope (SEM) to investigate the inclusion 
location, size, and its effect on fatigue strength as a fail-
ure factor. All the broken samples were examined under 
the SEM microscope to determine the value of √area, 
and after determining the inclusion that caused the fail-
ure, its dimensions were measured. If the cross-section 
of the impurity in the fracture plane is close to a circle, 
the formula for calculating the area of a circle is used. If 

 

  

 

C Mn Si Cr Mo Ni V Element 

0.068 0.909 0.46 18.388 0.191 8.815 0.051 wt%  
W Cu Co Ti Al Nb N2 Element 

0.018 0.322 0.083 0.002 0.006 0 0.032 wt% 
 

 

 

 

 

Annealing temperature (°C) Annealing time (minutes) Sample Hardness (HV) 
As received 330 

900 5 250 
1100 120 170 

 

Table 2. Annealing process and hardness of tested steels.

Table 1. Chemical composition of used AISI 304 stainless steel. 

Fig. 1. Standard example of fatigue test.
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hardness, and the higher the Vickers hardness of the ma-
terial, the higher its fatigue strength will be.

Fig. 2. The S-N diagrams obtained from the fatigue test 
of specimens.

Fig. 3. Three zones of fatigue failure in a sample.

Fig. 4. Inclusion image of fatigue crack initiation agent.

3.2. Fractography

The failure surfaces of all the fatigue test samples 
were investigated using a scanning electron microscope 
(SEM). In general, the surface of each sample includes 
three areas, namely, crack initiation, crack propagation, 
and the final fracture area, which can be seen in Fig. 3. 
To investigate the cause of fatigue failure, the crack ini-
tiation was examined in high magnifications. The images 
of fatigue crack initiation well show that inclusion is the 
cause of crack creation and propagation in most samples. 
In Fig. 4. an example of including the fracture agent can 
be seen at the place of crack initiation.

It should be noted that in some examples, only one 
inclusion is not the cause of crack initiation. Still, several 
inclusions located near each other, called inclusion col-
onies, cause crack initiation. Inclusion colonies have a 
more destructive effect than a single inclusion and cause 
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premature component failure. Fig. 5. shows an example 
of the colony inclusions causing part fatigue failure.

3.3. Stress intensity factor at the crack initi-
ation site

In Tables 3, 4, and 5. the information obtained from 
the observations of inclusions at the place of fatigue 
crack initiation site and the results of the calculations of 
Murakami's proposed parameters are given for samples 
with a hardness of 170, 250, and 330 Vickers, respec-

tively. According to these tables, except in four cases, the 
ratio of the stress on the inclusion to the fatigue limit, 
𝜎𝜎𝑎𝑎 𝜎𝜎𝑤𝑤⁄  , is more significant than one in all the samples, 
and therefore, this issue justifies the failure of the fatigue 
samples due to the inclusion. But regarding those four 
exceptions, firstly, the numbers obtained for 𝜎𝜎𝑎𝑎 𝜎𝜎𝑤𝑤⁄   are 
very close to one, and as a result, there is a possibility 
that the test error is the cause of this phenomenon. In 
addition, microcracks around the inclusions are also one 
factor that may cause the part's premature failure.

Fig. 5. An example of inclusion accumulation at the fatigue crack initiation site.

Table 3. Fatigue test results for AISI 304 steel samples with a hardness of 330 Vickers.

 

 

 

 

 

σa σw⁄  
KImax 

(MPa√m) 

Stress on 
inclusion 

(MPa) 

√area 

(µm) 
d (µm) 

Place of 
departure 

Number of 
cycles 

Stress 
(MPa) 

1.32 3587.58 508.17 60.64 45.48 Internal 39157 520 

1.34 3503.54 517.36 57.08 10.15 Internal 30503 520 

1.35 4020.77 520 45.07 0 Superficial 26134 520 

1.30 3249.77 500 31.84 0 Superficial 64781 500 

1.30 3351.82 500 33.87 0 Superficial 50094 500 

1.30 3507.09 1.30 39.23 0 Superficial 47807 500 

1.17 1650.99 449.24 17.15 3.37 Internal 155587 450 

1.17 2285.10 450 19.43 0 Superficial 127871 450 

1.16 2577.40 448.33 41.79 7.41 Internal 86534 450 

1.08 1802.04 414.98 23.45 23.91 Internal 233054 420 

1.08 2289.34 416.93 37.85 14.61 Internal 175158 420 

1.06 3244.96 409.53 76.04 119.15 Internal c 142267 420 

1.02 2687.48 393.22 57.51 33.89 Internal 1258561 400 

1.04 3747.20 400 66.15 0 Superficial 211655 400 
0.94 3682.15 360.16 119.61 104.40 Internal 325682 380 

0.91 4618.11 351.96 18.14 105.46 Internal 200396 380 
 

 

 

 

 

C In these tables, it stands for colony inclusion.
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the fracture agent, 𝐾𝐾𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 , and the number of cycles the 
sample (Nf) endured in all three steels. The trend of this 
graph shows well that with the increase of the stress con-
centration resulting from the presence of inclusions in the 
part, the cycle endured by the sample decreases. In Fig. 
7. unlike Fig. 6. there is no exceptional case, which is the 
use of the stress intensity factor in the diagram, which 
includes both stress factors imposed on the inclusion and 
the size of the inclusion. As a result, both critical factors 
in stress concentration and specimen failure are included 
here. Therefore, according to this diagram, it can be con-
cluded that the best criterion for checking the strength 
and fatigue relationships of a sample is to use the stress 
concentration parameter.

In Fig. 6. the relationship between the inclusion ef-
fective area parameter (√area) and the number of cycles 
endured by the sample (Nf) is displayed in three steels. 
According to this diagram, it can be concluded that the 
increasing size of the inclusion causing the failure de-
creases in the number of cycles endured by the fatigue 
test specimen. However, this diagram has several exam-
ples of violations, such as the increase in the inclusion 
size. The sample has endured a significant number of 
cycles. For instance, some samples with a hardness of 
330 could withstand more than 1.1 × 106 cycles despite 
including the effective area parameter being 57.51 mi-
crometers. Also, Fig. 7. shows the relationship between 
the stress intensity factor resulting from the inclusion of 

Table 4. Fatigue test results for AISI 304 steel samples with a hardness of 250 Vickers.

Table 5. Fatigue test results for AISI 304 steel samples with a hardness of 170 Vickers.

 

 

 

 

 

 

 

 

 

 

 

 

 

σa σw⁄  KImax 
(MPa√m) 

Stress on 
inclusion 

(MPa) 

√area 

(µm) 
d (µm)  Place of 

departure 
Number of 

cycles 
Stress 
(MPa) 

1.41 2798.03 500 23.61 0 Superficial 47106 500 
1.41 3845.35 500 44.58 0 Superficial 34573 500 
1.35 3130.88 480 32.07 0 Superficial 135397 480 
1.35 2009.11 480 13.21 0 Superficial 189930 480 
1.24 4526.66 438.64 123.36 92.88 Internal 351955 450 
1.27 3797.81 450 53.69 0 Superficial 633796 450 
1.27 4348.71 450 70.55 0 Superficial 236202 450 
1.21 3551.26 430 49.10 0 Superficial 211016 430 
1.21 3141.80 430 40.22 6.16 Internal 617729 430 
1.09 4063.24 385.57 119.23 72.12 Internal c 220924 400 

1.13 4846.51 400 101.12 0 Superficial 200956 400 
1.07 2619.55 380 35.83 0 Superficial 517326 380 

 

 

C In these tables, it stands for colony inclusion.
 

 

σa σw⁄  KImax 
(MPa√m) 

Stress on 
inclusion 

(MPa) 

√area 

(µm) 
d (µm) Place of 

departure 
Number of 

cycles 
Stress 
(MPa) 

1.25 2154.16 282.06 65.68 119.59 Internal 70316 300 

1.25 3042.86 285.82 131.05 94.64 Internal 14905 300 

1.08 3161.37 242.77 162.38 201.69 Internal c 80970 270 

1.17 2096.53 264.32 45.49 42.09 Internal 250206 270 

1.08 1539.65 243.03 44.67 55.76 Internal 656826 250 

1.11 2124.88 250 54.45 0 Superficial 80756 250 

0.92 1869.89 206.43 71.27 348.58 Internal 530285 250 

1.01 1449.02 229.39 20.42 5.34 Internal 300449 230 

0.97 2083.30 218.93 93.35 47.95 Internal c 275074 220 
 

 

C In these tables, it stands for colony inclusion.
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3.4. Critical inclusion size

Researchers found that there is a critical size for in-
clusions [16-20]. If the size of inclusions in steel is small-
er than this critical size, these inclusions are no longer 
the source of fatigue cracks. Therefore, these inclusions 
are called critical inclusions. In this research, three meth-
ods, including extrapolation methods, the relationships 
of Murakami et al. [21, 22], and the method proposed by 
Saberifar [23], were used to calculate the critical inclu-
sion size, which we will discuss further:

3.4.1. Determining the critical inclusion size 
by extrapolation method

In Figs. 8, 9, and 10. the inclusion effective area pa-
rameter (√area) is plotted against the inclusion distance 
from the sample surface for steel with a hardness of 330, 
250, and 170 Vickers, respectively. According to the re-
sults obtained from these figures, the critical size of in-
clusion for steel with a hardness of 330, 250, and 170 
Vickers equals 11.1, 13.2, and 20 microns, respectively.

The results obtained for the critical inclusion size 
from the extrapolation method are less reliable. This is 
because, in the extrapolation method, the obtained results 

Fig. 6. The relationship between the inclusion effective 
area parameter (√area) and the number of fatigue cycles 
endured (Nf) by samples with 330, 250, and 170 Vickers 
hardness.
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Fig. 7. Relationship between inclusion stress intensity 
factor (KImax,i) and number of fatigue cycles endured (Nf) 
by samples with 330, 250, and 170 Vickers hardness.
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3.4.2. Determining the critical inclusion size 
with Murakami relations

Using Eq. (6) and examining the hardness of the sam-
ple, the critical inclusion size for steel with a hardness of 
330, 250, and 170 Vickers equals 5.1, 8.5, and 19.2 mi-
crometers, respectively. In this equation, the only effec-
tive factor in determining the size of the critical inclusion 
is the Vickers hardness of the sample and the location of 
the inclusion, and other effective factors, such as the ap-
plied stress on the part, the type of inclusion, etc., are not 
considered. As a result, this relationship does not have a 
high value. So, the results of this method cannot be an 
accurate and acceptable criterion for determining the crit-
ical inclusion size in industrial steels.

3.4.3. Determining the size of the critical 
inclusion with the relationship proposed by 
Saberifar

By placing the results obtained from the fatigue test, 
the fatigue limit for samples with hardness of 330, 250, 
and 170 Vickers equals 370, 350, and 220 MPa, respec-
tively. On the other hand, according to the data in three 
tables 3, 4, and 5, the lowest stress intensity factor (KImax) 
for these three steels is 1449.02, 1650.99, and 2009.11, 
respectively. As a result, by inserting these values in re-
lation 7, the value of √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐  for samples with hardness 
of 330, 250, and 170 Vickers equal to 15, 24.8, and 32.7 
micrometers are obtained. Assuming that the inclusion is 
spherical, the diameter of the inclusion is 16.94, 27.11, 
and 36.15 µm, respectively. If compare the numbers ob-
tained for √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐   with the inclusion size effective in the 
failure of fatigue parts, it is clear that these numbers are 
smaller than almost all inclusion values that caused the 
failure. As a result, if it is possible to obtain samples with 
inclusions that are smaller than the numbers obtained 
from the relations proposed by Saberi, it can be hoped 
that the inclusion will not affect the fatigue strength of 
the sample.

4. Conclusions

•	 The images obtained from the SEM microscope 
clearly showed that the main source of failure in the 
fatigue test samples is the presence of non-metallic 
inclusions in the sample.

•	 The distance of the inclusion from the surface and 
the size of the inclusion is one of the most important 
parameters in determining the fatigue limit of steel. 
The smaller the inclusion size, the higher the fatigue 
strength of the sample.

•	 Except for the size of inclusion, the distribution of in-
clusions in the part is another important parameter in 
fatigue strength. If the inclusions are homogeneous-
ly distributed in part, the part will have more fatigue 
strength.

strongly depend on the distance of the inclusion from the 
surface and its size. As a result, if the location of the in-
clusion is changed or its size is changed, the obtained 
results will change. For example, adding more samples 
with different inclusions will change the results obtained 
in the following tables. Therefore, the determined critical 
inclusion size will also change. As a result of fatigue test 
results for steel with hardness of 170, 250, and 330, the 
extrapolation method is not a reliable method to deter-
mine the critical inclusion size.
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Fig. 8. Determining the critical inclusion size for steel with 
a hardness of 330 Vickers using the extrapolation method.

Fig. 9. Determining the critical inclusion size for steel with 
a hardness of 250 Vickers using the extrapolation method.

Fig. 10. Determining the critical inclusion size for steel with 
a hardness of 170 Vickers using the extrapolation method.
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[20] Wilson A.D, Inclusions and their influence on mate-
rial behavior, ASM International, Chicago. 1989.
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Weng Y.Q, Influence of inclusion size on fatigue behav-
ior of high strength steels in the gigacycle fatigue regime, 
International Journal of Fatigue. 2007; 29(4): 765-771.
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Hui W.J, Weng Y.Q, On the critical inclusion size of high 
strength steels under ultra-high cycle fatigue, Materials 
Science and Engineering: A. 2006; 427(1-2): 167-174.
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prediction of critical inclusion size leading to fatigue fail-
ure, Metallurgical and Materials Transactions B, 2012; 
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•	 Besides inclusions, sample hardness is another criti-
cal parameter in the fatigue strength of samples. The 
results of the S-N diagram in this study show that 
the lower the hardness of the sample, the lower the 
fatigue strength of the sample. The fatigue limit for 
samples with a hardness of 170, 250, and 330 equals 
225, 355, and 385 MPa, respectively.

•	 There is a critical inclusion size that. If the inclu-
sions are smaller than this value, they no longer af-
fect the fatigue strength of the sample. The critical 
inclusion size for samples with a hardness of 170, 
250, and 330 equals 15, 24.8, and 32.7 micrometers, 
respectively.
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