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ABSTRACT   

In this research work, the behavior of low-carbon steels is studied, taking as a reference the AISI SAE 1020 

steel and the influence of heat treatments on fatigue resistance performance. Fatigue tests were performed 

under rotary bending conditions on Moore's machine, where 24 samples calibrated to a half-inch diameter 

were broken. The specimens were machined in accordance with the ASTM E-606 standard, which were 

classified into three groups with special characteristics, of 8 samples each, where the first group is composed 

of specimens without heat treatment, the second group are specimens with quenching and the last group of 

specimens with quetching and tempering; in the same way, 4 different weights were used, taking into account 

that the specimens were in the finite life zone with high cycling, and with this data the Wholer S-N curve 

was constructed. The curves construction of agreement to the data thrown in the tests concluded that the 

specimens with tempering treatment weaken the material compared to those that   have   tempering   treatment   

since   this   improves   the property when applying large loads and when it approaches A finite life tends to 

behave like a material without treatment. 
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1. Introduction 

Since 1850, it has been recognized that a metal subjected to repeated or fluctuating stresses will fail at a stress 

much lower than that required to fracture under a single load application. These types of failures, occurring 

under dynamic conditions and over long periods of service, became known as fatigue failures [1]. Subsequently, 

the study of the fatigue fracture mechanism has been developed with great intensity and it has now been stated 

that 90% of all fractures in services are due to the fatigue mechanism [2],[3]–[7].   It is important to consider 

that notches in parts significantly reduce the fatigue resistance of steels, sometimes reducing fatigue resistance 

to half or a quarter of the steel's strength. [8],[9],[10]. Fatigue fractures are accentuated when the parts are 

surface decarburized, but they tend to decrease when steel parts are case-hardened or nitrided, and also when 

they have been subjected to cold working of the surface that hardens the peripheral area. Fatigue has been 

extensively investigated in previous studies [11]. 

On the other hand, knowledge of materials science provides the necessary tools to understand the general 

behavior of some materials, in order to properly apply the principles of component selection [12],[13]–[17]. In 

theory, when calculating the resistance for affected specimens, it is suggested that heat treatments increase this 

resistance, affecting it positively [18],[19]–[23]. For this reason, it is necessary to study how steel acts by 

improving its mechanical properties. Based on this theory, it was decided to apply tempering heat treatment, 

which is performed routinely in industry and is carried out by hand. This involves uncertainty in the results, as 

it depends on the objectivity of the operator and the cooling condition [24],[25], [26] . Thus, a quench-temper 

process, also known as annealing, was performed. The main objective of this work is to present a series of 

results obtained from tests, which serve as a basis for illustrating the mechanical behavior of the influence of 
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heat treatments on fatigue in low-carbon steels. The S-N curve was constructed, allowing observation of the 

behavior under rotational bending fatigue conditions. The document consists of a theoretical framework, the 

methodology for conducting the research, the tests performed on the specimens, the results, and the conclusions 

of the work. 

2. Methods: Research design 

The methodology used in this work was experimental. A bibliographic review was conducted to document the 

research, an experimental design was developed to select the number of test specimens and provide experimental 

guidelines for compliance with the standard, and the status of the equipment used in the process, such as the 

heat treatment furnace and the machine for functional testing under rotary bending conditions or Moore 

machine, were verified. This was done to meet the objectives set out in this project as a tool for obtaining results 

and conclusions that allow comparison between similar studies. 

2.1.  Research stage 

This phase allowed the evaluation and definition of the appropriate method for the heat treatment of the samples, 

which consisted of quenching and tempering. A fatigue test was then performed under rotary bending to 

determine the behavior of the AISI SAE 1020 steel. 

This research is experimental, so bibliographic information on steel, heat treatments, and the fatigue resistance 

of AISI SAE 1020 steel was collected. Since the necessary data is obtained from observations and tests 

performed in the laboratory, the statistical results were recorded and processed in Excel. The results were also 

analyzed, documenting the information according to the proposed procedure and the technical requirements of 

the project and the equipment involved in the process. 

2.2. Samples selection 

Following the project requirements, AISI SAE 1020 steel was considered as the study material. 24 test specimen 

were built that comply with the ASTM E606 standard [27], taking into account the possibility of having three 

standard samples for different tests and fatigue test conditions. 

Table 1. Composition of AISI SAE 1020 steel 

Chemical composition C % Mn % P max. % S max. % Si max. % 

Typical analysis  % 
0.18 
0.23 

0.3 
0.6 

0.04 0.05 
0.15 
0.3 

Delivery condition: Annealed 
Delivery hardness: 150 – 190 HB 

 

2.3. Experiment design 

For the proper execution and development of the project, the implementation of an experimental model is 

necessary [28] to determine the number of specimens needed to increase the precision and validity of the 

experiment, determine the number of data and provide an estimate of experimental error, which becomes a 

basic unit for determining whether the observed differences in the data are statistically significant. 

An experimental design was carried out that met the project requirements based on the ASTM E739 standard 

[29], analyzing the behavior of the E-N curve, the fatigue test with quenching and tempering, as well as the 

behavior of finite life in different heat treatments. The following specifications were taken into account when 

carrying out laboratory tests: 

2.3.1. Temperature 

For this procedure, the critical temperatures for AISI SAE1020 steel were used, see Table 2 [30] 

Table 2. Critical temperatures for SAE 1020 steel, Adapted from: [30] 

Steel SAE 1020 

Critical temperatures A1 = 727°C   A3 = 830 °C 

Annealing process 727- (80 a 170) = 557°C a 647°C 

Annealing 830+30 = 860°C 

Normalized 830 + 55 = 885 °C 
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Figure 1 shows a continuous cooling transformation (CCT) diagram for a steel with 0.2% C, where when 
tempering is applied to SAE 1020 steel, a mixture of phases is obtained. 

 

Figure 1. CCT diagram for low-carbon steels (Adapted from [30]) 

2.3.2. Quenched 

To select the quenching substance for the hardening, it was taken into account that the specimens that are going 

to be subjected to fatigue have a diameter of ¼” in their middle section. According to the Grossman graph Figure 

2, for this diameter an H coefficient of 1 can be assumed, which would give a Jominy distance of approximately 

1/32”, this coefficient is achieved by using water as the hardening medium without agitation [31]. 

 

Figure 2. Grossman graph adapted from [30], [31] 

Table 3. H coefficient of severity of quenched Adapted from [30] 

Mean H Coeficient 
Cooling rate at the center 

of a 1 in. bar (ºC/s) 

Oil (not agitated) 0.25 18 

Oil (agitated) 1.0 45 

H2O (not agitated) 1.0 45 

H2O (agitated) 4.0 190 

Brine (not agitated) 2.0 90 

Brine (agitated) 5.0 230 
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The hardness at the center of the test piece is obtained from figure 3, with the hardenability band for AISI 
SAE 1020 steel: Because the test piece has a small diameter, the maximum hardness will be obtained, which 
will be in the range 33-44 HRC [32]. 

 

Figure 3. Hardness as a function of distance from the quenched end 

Adapted from: Steel Casting Handbook, Supplement [32] 

2.3.3. Tempering Process 

This treatment is used to reduce the residual stresses generated during tempering, which changes the properties 

of the material and reduces its hardness [33]. To select the tempering temperature, Figure 4 is used, which 

shows the variation in hardness depending on the temperature selected for tempering. The decision was made 

to use a temperature of 350°C for the treatment since this will not cause a significant loss in hardness [34]. 

 

Figure 4. Hardness variation as a function of tempering temperature. Adapted from: [32] Steel Casting 

Handbook, “Final Treatment” Supplement 

According to the above, a heat treatment was performed on 16 of the 24 test pieces made of AISI SAE 1020 

steel, in quenched and tempered condition to evaluate the influence and performance of the resistance to fatigue 

by rotary bending and thus evaluate its behavior.  

3. Statistical processing to validate the tests 

Statistical processing of the data obtained from each test is based on ASTM E739, Standard Practice for 

Statistical Analysis of Linear or Linearized Stress-Life (S-N). According to the standard, linear behavior is 

assumed, and data processing is performed for a test with L levels and a total number of k samples, which helps 

generate a graph that expresses the material's behavior in a stress-versus-cycles curve. 
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3.1. Test specimen and definition of the number of samples 

Based on ASTM E606 and ASTM E739 standards, 24 test pieces were manufactured to form three groups of 

eight specimens. Eight of these specimens were subjected to the quenching process and eight to quenching and 

tempering. The other eight specimens were left untreated to provide reference results. 

 

Figure 5. Prototype dimensions 

3.2. Test development 

After establishing the technical specifications and developing the statistical model that explains the calculations 

and graphs obtained during the process, the test pieces were constructed by turning and with a highly polished 

surface, to prevent the test piece from failing in a zone other than the one of interest and to consider the test 

valid for rotational bending fatigue. See figures 5, 6 and 7. 

 
Figure 6. Constructed specimen 

 
Figure 7. Test specimen without heat treatment 

The samples were introduced into an electric furnace that allowed the treatment to develop properly Figure 8. 

The test pieces were subjected to an Austenitization temperature (A3), equivalent to 885 °C, for 1 hour. 

 
Figure 8. Heat treatment furnace 
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After subjecting the 16 samples to the oven, they are tempered in still water as shown in figure 9, until reaching 

room temperature. 

 

Figure 9. Water quenching of test specimens 

When the test pieces reached room temperature, 8 test pieces were subjected to the annealing process, for which 

they were again subjected to heating at a temperature of 350°C for one hour as shown in Figure 10, and finally 

cooled to room temperature. 

 

Figure 10. Test pieces with annealing treatment 

In Figure 11, the 2 groups of test pieces can be seen after being exposed to the heat treatments of quenching 

and tempering, and an untreated test piece to be subjected to fatigue tests by rotary bending. 

 

Figure 11. Test specimens after heat treatment 
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To perform the rotary bending fatigue tests, the Moore machine [35] was used, designed under the ASTM 

standard, which has different sensors that allow counting the revolutions given until the break time and a load 

cell that allows measuring the weight generated by the power screw. With these two variables it is possible to 

construct the stress versus cycle graph or Wholer dynamic stress diagram. 

The machine has a ½ HP Siemens motor that generates the power needed to rotate the test piece at 1800 RPM, 

likewise the weights can be applied to each sample by means of the screw and this will be displayed on the 

Lexus brand screen, which is connected to the load cell, see Figure 12 

 
Figure 12. Rotary bending fatigue machine. 

To determine the cycles, a sensor was installed that counts the revolutions of the shaft and is connected to the 

PLC, where the data reading is displayed on the screen. This sensor shuts off the motor when the test specimen 

breaks and then indicates when the motor stops. It has two sensors or pilot lights: one red that indicates the 

motor is stopped and one green that indicates it is running. See figure 13. 

 

Figure 13. Load cell and PLC screen 

 
Figure 14. Broken test specimen 
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With the values obtained in the different tests, the S-N curves were made for each of the groups of 8 test pieces, 

the first group of test pieces without any treatment, the second group of test pieces with hardening treatment 

and the third group with annealing treatment. 

4. Results and discussion  

The load data (kg), N (cycles) and S (Mpa) obtained in the rotational bending fatigue tests of the 8 untreated 

specimens are presented below, see Table 4. 

Table 4. Rotational bending fatigue test results for untreated specimen 

Test  Load [kg]    N (cycles)  Stress [Mpa] 

1 18 254968 351.23 

2 18 247590 351.23 
3 20 177238 390.25 

4 20 161975 390.25 
5 22 122547 429.28 

6 22 115037 429.28 
7 24 78333 468.31 

8 24 80087 468.31 

The load data (Kg), N (cycles) and S (Mpa), of the 8 specimens with tempering treatment and rotary bending 

fatigue test are presented in Table 5. 

Table 5. Rotational bending fatigue test results for specimen with quenched 

Test  Load [kg]    N (cycles)  Stress [Mpa] 

1 18 145820 351,23 

2 18 116564 351,23 

3 20 86010 390,25 

4 20 84166 390,25 

5 22 55980 429,28 

6 22 57409 429,28 

7 24 34166 468,31 

8 24 34153 468,31 

The load data (Kg), N (cycles) and S (Mpa), obtained from the 8 test pieces with annealing treatment and rotary 

bending fatigue tests, are presented in Table 6. 

Table 6. Results of the rotary bending fatigue test for the specimen with annealing treatment 

Test  Load [kg]    N (cycles)  Stress [Mpa] 

1 18 318342 351,23 

2 18 329837 351,23 

3 20 256789 390,25 

4 20 239873 390,25 

5 22 184345 429,28 

6 22 178234 429,28 

7 24 129873 468,31 

8 24 132350 468,31 

The curves show the fatigue behavior as a function of alternating stress, called S-N curves, for each of the 
conditions studied, without heat treatment, with quenching treatment and with annealing treatment, 
respectively. The linear regression models found, which are represented by the dashed lines, demonstrate that 
for the finite life interval, quenching heat treatment weakens the steel exposed to rotational fatigue at any 
point on the curve. It was also shown that the annealing heat treatment improves the fatigue property when 
applying large loads because when approaching finite life it tends to behave like an untreated material. As 
can be seen in Figure 15. 
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Figure 15. S-N diagram with different treatments 

5. Conclusions  

The results obtained from rotary bending fatigue tests on AISI SAE 1020 steel clearly demonstrate the effect 

of heat treatments on material strength under cyclic loading conditions. Contrary to the general theoretical 

expectation suggesting an improvement in strength with hardening, it was shown that this treatment decreases 

the steel's service life under fatigue stresses, reducing its performance by 2.56% compared to untreated 

specimens. This behavior may be associated with the microstructure generated during cooling and the induced 

residual stresses, suggesting the need for more rigorous control of the hardening process. 

In contrast, the combined quenching and tempering treatment showed a significant improvement in fatigue 

strength, increasing the material's service life by 7.15%. This improvement is consistent with reports in the 

technical literature, where tempering acts by reducing the material's internal stresses and stabilizing its 

microstructure, without causing a significant loss of hardness. This demonstrates that properly applied 

tempering can be an effective strategy for extending the service life of components subjected to repetitive 

loading. 

Finally, the research demonstrates that controlling heat treatment parameters and their proper application have 

a direct impact on the fatigue performance of low-carbon steels. It is recommended that additional 

microstructural studies be conducted and the number of specimens expanded to statistically validate these 

findings. It is also recommended that alternative treatments such as nitriding or case-hardening be explored 

to evaluate their comparative effect under similar conditions. 
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