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ABSTRACT 

The issue of metal fatigue emerged as one of the major issues in a variety of 

engineering designs, and the design engineers were forced to take metals' 
fatigue resistance into account. In this paper, multiple quenching mediums 

and varied heat treatments were utilized to examine the effects of various 

heat treatments on the development of fatigue cracking in steel. The model 
that was carburized, quenched in distilled water and tempered before being 

quenched once more in distilled water and tempered a second time had the 

best outcomes, the fewest cycles needed to cause the model to fail, and a 
correlation between the rate of fatigue crack propagation and the length of 

the crack, according to the results. Additionally, the analytical findings 

demonstrated that this model, as opposed to models with fixed stress intensity 
factors, has a fatigue crack growth rate. The model that was carburized, 

quenched in coolant, then tempered and quenched again without performing 

the tempered appearance failed very rapidly. The high rate of the stress 
intensity factor with fatigue crack propagation is shown by the data analysis. 

The results show a reduction in the growth amount tendency of fatigue crack 

in the linear region mode-III.  

Keywords: Tensile Strength; Fatigue; Heat Treatment; Grain Structure; 

Quenching; Tempering, Carburized 
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Introduction 
 

Engineering machinery and installations must fulfill the following three main 

requirements: to perform the required work, and function intended, have an 
appropriate and acceptable life service, and be able to perform production at 

reasonable costs. Appropriate operating period is taken into account in 

approximate ways at the design mode for parts subjected to repeated loads 
because most of the design engineers are not sufficiently familiar with the art 

of operation with time. Its parts after an inappropriate period of operation. 

The occurrence of this collapse is frequent with fatigue, so its importance 
increases with machines whose performance requires the presence of the 

property of light weight of the metal and thus the occurrence of high stresses 

in the metal during operation, and aircraft is one of the clear examples of this 
where light weight is of paramount importance.  

Metal fatigue has received great attention to obtain adequate safety for 

machinery and engineering facilities, especially those whose collapse causes 
loss of life, as in the issues of aircraft parts design, where strict rules were 

imposed in the design so that those parts would have an appropriate 

resistance to fatigue. The main principles and comparisons are made based 
on experience to determine the acceptable fatigue resistance, as it is taken 

into account when designing that when a crack occurs, it does not have a 

destructive influence, and these rules determine the duration of operation of 
those different parts. In [1], they investigated the crack associated with 

macro-pitting in the gearbox bearing. They used the technique of accelerated 

bench top test to find the difference in performance between hardened AISI 
52100 steel and carburized AISI 3310 steel. They found that the time of the 

appearance of pitting in the surface in AISI 3310 steel is twice that of 

hardened AISI 52100 steel . 
Using the finite element method, the depth of the carburized case of 

SAE 8620 steel gears was predicted [2]. The martensitic growth in grain 

inside the carburized case, and by simulation, check the influence of 
carburizing and different adherent austenite contents on the large fatigue 

action of SAE 8620 steel catalytic gears. The model used shows that the 

depth of the case increases with growing heat treatment temperature and 
time. A large number of studies have shown that surface carburizing 

treatment can significantly improve the fatigue performance of steel [3]-[4]. 

Heat treatment techniques have been studied on stress in gears, as well as 
different cooling media and a mathematical and experimental model has been 

proposed [5]. The bending stress on carbon steel was studied and compared 

with the carbonization of conventional gas, and they concluded that the gas-
carburized models have less resistance to all of the traditional gas-carburized 

models [6]. In this study [7], the relationship between the modality of how 

different cracks propagated and the microstructure of steel was studied. They 
found that decreasing the induction heat temperature from (1043-1143 K) 
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increases the crack propagation resistance by 30 %. In [8], they investigated 
numerically and experimentally carburized AISI 8620 steels. They found that 

the results gated by numerical agreement with that got experimentally. While 

in [9], a mathematical model (elastic-plastic) was created using the finite 
element method, and this model relies on tests with the presence of a first slit 

to study the growth of fatigue cracking. The results showed that the hardness 

difference is linear from the outer surface of the model to the inside in the 
core of the model. In [10], the microstructure was studied on the growth of 

fatigue cracking of the carbonized models, and the results showed that the 

samples with a microstructure containing martensitic have better resistance to 
the growth of fatigue crack progression than those samples containing in the 

microstructure ferrite. Authors in [11] combined the scanning electron 

microscope images and Photoshop software, then the conversion rate 
between pixels and actual length of scale were calculated, after that the 

cracks parameters were known by pixel. A research in  [12] provided a 

unified technique to evaluate changes in the amplitude of the microplasticity 
strain and intrinsic thermal dissipation for ASE 1045 steel. They discovered 

that the outcomes of this strategy are in excellent accord with those of the 

conventional method . In [13], they studied fatigue in the rolling contact 
performance of carburized steel and high-carbon steel, with the same volume 

fraction. The nanostructure Bainitic microstructures were obtained from the 

two alloy steels. They discovered that the carburized nanostructured bainitic 
steel's rolling contact fatigue life outperforms that of high-carbon steel. Then 

in [14], they studied the effect of adhesive austenite on rolling contact stress 

using stiffness tests, X-ray diffraction, scanning electron microscopy, and 
transmission electron microscopy. The rolling contact stress shows that the 

subsurface fragment life begins to increase as the adhesive austenite 

increases. The crack propagation rate of the carbon steel layer was evaluated 
according to SAE 4320, and it was found that as the carbon content 

decreased, the resistance to stress crack growth increased [15]. In [16], they 

used finite element modeling to find the influence of carbon allocation on 
residual stress in gears, then proposed a method to design the minimum case 

depth to obtain the lowest residual stresses. In [17], carburizing vacuum 

quenching and high-pressure gas were used for hollow rotational stress 
samples made with AISI 9310. The non-equilibrium shape has been shown to 

have little influence on the residual stress after quench solidification. While 

[18] used finite elements to thoroughly study the low-carbon steel 
carburization process. In [19], two allocation methods were used based on 

the prediction of crack characteristic size of Cr-Ni carbon steel alloy. The 

first is the generalized maximum and the second is the generalized Pareto 
allocation. The results show that the generalized maximum allocation can 

predict fatigue strength better than the generalized Pareto distribution 

allocation. In [20], a mathematical model was made to simulate a sliding 
gear, which is a hole for lubrication, and two models were used in that, and 
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the results showed that the samples with lead holes are more efficient in 
resisting fatigue cracking in the presence of contact stress. [21] This study 

focused on how austenitic grain size affected the onset and advancement of 

fatigue cracking for carbon steel's mode-II, and the results showed that the 
high leveling and finishing processes with the size of austenite grains led to 

an increase in the resistance to initiation and progression of fatigue cracking 

in the mode - II. Dynamic recrystallization was used to refine the grain size, 
as stated in [22]. The sliding dry wear behavior of martensite steel under 

various friction circumstances was taken into consideration by the authors of 

[23]-[24]. After being quenched and tempered twice, the microstructures and 
mechanical characteristics of steels with various carbon contents were 

examined [25]-[27]. The primary cause of this effect is the deformation of 

the original microstructures, which had an impact on how the microstructure 
changed during quenching and tempering [29]-[30]. This deformation led to 

the austenite grains becoming more refined and the carbides dissolving more 

quickly during the subsequent austenitization step [28]. With increasing 
initial hot rolling reduction, the results indicate an increase in Vickers 

hardness but a sizable drop in friction coefficient and wear rate [31]. 

In this article, different heat treatments, such as model quenching in 
different media, tempering, and repeated numerous times after carburizing on 

the models, are used to study the fatigue cracking propagation behavior of 

medium carbon steels. Selecting the most effective cooling method for usage 
following the quenching procedure and the kind of heat treatment. 

Additionally, specialized software will be employed to create equations that 

anticipate growth, development, and collapse under the impact of fatigue 
stresses. 

 

 

Materials and Experimental Procedure 
 

Materials 
According to the German Standard, the medium carbon steel employed in 

this study is used in industry for a variety of purposes (DIN). A spectrometer 

was used to do a chemical analysis of the composition of medium carbon 
steels. Table 1 provides information on the metal used in the document's 

actual and typical chemical compositions. 

 
Table 1: Results of chemical analysis for the metal used 

 

Wt., % C Si Mn P S Mo Cu Fe 
Standard 

value 

0.42 - 

0.5 

0.15 - 

0.35 

0.5 - 

0.8 
≤ 0.035 ≤ 0.035 ----- ----- Rem 

Actual 

value 
0.482 0.221 0.562 0.011 0.033 0.0788 0.0154 98.596 
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Carburization  
After the extension of carburizing atoms to the surface of steel components, 

quenching and tempering at low temperatures is known as carburizing. The 

corrosion resistance, toughness, hardness, and other steel qualities can all be 
significantly enhanced through the carburizing process. After processing, the 

parts have a low-carbon martensite core that is strong and durable enough, 

and a hard, wear-resistant martensite surface with a small amount of soft 
carbide structure. We refer to steel that has been carbureted as having been 

carbureted. In this study, cylindrical carbon steel wear test samples were 

treated to a four-hour soaking time at 950 °C in a powder combination made 
up of 75% charcoal and 25% barium carbonate using pack carburizing 

techniques (BaCO3). After the carburization procedure, the wear testing 

samples were split into three groups (A, B, and C) for heat treatment. 
 
Heat treatments 
The carburized steel specimens were split into three groups (A, B, and C) 
after heat treatment processes: 

i. Group (A): All carburized steel samples were cooled to room 

temperature using a range of quenching media including solutions 
(distilled water, milk, motor oil, shampoo, water, sugar, cooling fluid, 

and food oil) after soaking for 20 minutes at a temperature of 780 °C. 

The samples were then heated for 20 minutes at 230 °C. 
ii. Group (B): Each piece of carburized steel was quenched in a different 

quenching fluid (distilled water, milk, motor oil, shampoo, water and 

sugar, cooling fluid, and food oil), after soaking for 20 minutes at 780 
°C. Then, to temper the samples, they were all heated to 230 °C for 20 

minutes. All previously quenched steel samples were once again 

quenched at 770 °C in distilled water. 
iii. Group (C): All carburized steel samples were quenched in various 

quenching fluids (distilled water, milk, motor oil, shampoo, water and 

sugar, cooling fluid, and food oil), after soaking for 20 minutes at 780 
°C. The samples were then heated to 230 °C and allowed to soak for 20 

minutes. All previously quenched steel samples were then quenched a 

second time at 770 °C using distilled water as the quenching medium. 
Following that, each of the earlier steel samples was heated to (250 °C) 

for a twenty-minute soaking time. 

 
Manufacture of fatigue test samples 
The model's dimensions were as shown in Figure 1, and circular-section 

samples were employed with an initial incision that was 0.5 mm wide and 0.2 
mm deep. The samples' ends were flattened at 90 ℃ to one another after 

being produced to the desired dimensions. To guarantee that the models' 

perimeters have an identical dimensional incision as shown in Figure 1. All 
samples that were used had their slit depth and sample diameter measured 
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using a coordinate measuring device. The stress ratio for all tests will be zero 
(R=0).  

 

 
 

Figure 1: The machine and the dimensions of the model used in the test 

 
Characterization of specimens from fatigue tests 
To analyze the behavior of cracking propagation of the entire after executing 

various heat treatments, a 22 model of low-carbon steel was chosen 

(carburizing, quenching in different media, and tempering). They are 
categorized in Table 2.  

 

Table 2: Classification of medium carbon steel samples used in fatigue tests 
 

No. Type of heat treatment 

Group symbol 

- (A) 

(carbonation – 

quenching in 

different 

media, 

tempering) 

Group symbol - (B) 

(carbonation – 

quenching in 

different media, 

tempering- 

quenching in 

distilled water) 

Group symbol - (C) 

(carbonation – 

quenching in 

different media, 

tempering - 

quenching in 

distilled water, 

tempering) 

1 At, receive AS (As Received) 

2 
Carbonation and 

quenching in shampoo 
A 1 B 1 C 1 

3 
Carbonation and 

quenching in water & 

sugar 

A 2 B 2 C 2 

4 
Carbonation and 

quenching in milk 
A 3 B 3 C 3 

5 
Carbonation and 

quenching in food oil 
A 4 B 4 C 4 

6 
Carbonation and 

quenching in motor oil 
A 5 B 5 C 5 

7 
Carbonation and 

quenching in cooling 

liquid 

A 6 B 6 C 6 

8 
Carbonation and 

quenching in distilled 

water 

A 7 B 7 C 7 
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Results and Discussion 
 

Microstructure 
The produced structures were studied using a Leica DM 2500 M microscope 
both before and after heat treatment.  

 

Group A: (carbonation and quenching, tempering)  
The microstructure of the first group samples (group A) is shown in Figure 2. 

These samples were quenched at 770 °C with a range of quenching solutions 

(distilled water, milk, motor oil, shampoo, water, sugar, cooling fluid, and 
food oil), before being tempered at 230 °C. 

 

 

 

 

 
 

Figure 2: The microstructure of group a steel samples: carbonation – 

quenching, tempering 
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Group - B: (carbonation and quenching, tempering and quenching)  
Figure 3 depicts the microstructure of the samples from the second group 

(group B). Carburized steel samples were quenched at 770 °C with a variety 

of quenching liquids (distilled water, milk, motor oil, shampoo, water, sugar, 
cooling fluid, and food oil), then heated to 230 °C temperature and quenched 

again at 770 °C using distilled water as a quenching liquid. 

 

 

 

 
 

Figure 3: The microstructure of group (B) steel samples: carbonation – 

quenching, tempering- quenching 
 

Group C: (carbonation, quenching, tempering and quenching, 
tempering)  
Figure 4 depicts the microstructure of the samples from the third group 

(group C). In this group, several quenching liquids, such as food oil, milk, 

shampoo, motor oil, water with sugar, and cooling liquid, were used to 
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quench the carburized steel samples. They were then quenched once again 
with distilled water after being tempered at 230 ℃. They underwent a second 

250 °C tempering procedure after that.  

 

 

 

 

 
 

Figure 4: The microstructure of group (C) steel samples: carbonation – 

quenching, tempering - quenching, tempering 
 

Figures 5-16 analyze the fatigue test results when a load of 171.073 

MPa is applied to all samples that have undergone various heat treatments 
(distilled water, milk, motor oil, shampoo, water, sugar, cooling fluid, and 

food oil). 
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Schemes the length of the cycle number with the length of the 
crack  
Figures 5-8 compare the findings for the three groups that were tested in 

terms of the association between the number of cycles and the crack length 
(A, B, and C). The cycle number and the crack duration for each model used 

in the test and in comparison to the original model are contrasted in Figure 5. 

 

 
 

Figure 5: Appears group –A: the original specimen is compared to stress 

crack propagation curves 
 

 
 

Figure 6: Appears group – B: The original specimen is compared to stress 
crack propagation curves 
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Figure 7: Appears group – C: The original specimen is compared to stress 

crack propagation curves 

 

 
 

Figure 8: Appears all-groups: The original specimen is compared to stress 

crack propagation curves 
 

Conclusion of the crack growth rate of fatigue  
The crack growth rate (da/dN), and values of the fatigue were calculated 
using a finite difference (Newton forward difference, central finite difference, 

and Newton backward finite difference) method by entering all the values 

obtained from the various checks for the growth of the fatigue crack 
progression. For each of the analyzed models, Figures 9-12 display the 
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results of constructing those curves as well as the relationships between crack 
length (a) and crack development rate (da/dN). 

 

 
 

Figure 9: Shows the relation between fatigue crack growth rate and crack 

length for group A 

 

 
 

Figure 10: Demonstrates the connection between the length of group-B 

cracks and the rate of fatigue crack propagation. 
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Figure 11: Demonstrates the connection between the length of the group-C 

crack and the rate of fatigue crack propagation 

 

 
 

Figure 12: Demonstrates the connection between the length of cracks and the 

rate of fatigue crack propagation for all models 
 

Measurement of fatigue crack propagation 
For the models that had various heat treatments, 22 tests were conducted to 
ascertain the evolution of fatigue cracking with a first crack that had a depth 

of (0.2 mm), an extension of the fissure in a plane inclined at an angle of 45°, 

and the formation of a crack in the factory's roof. The evolution of fatigue 
cracking was measured using the direct current voltage drop method. By 
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referring to Figure 13 and using Equation (1), (2) and (3), the stress intensity 

factor (∆𝐾𝐼𝐼𝐼) was calculated [32]. 

 

 
 

Figure 13: The model of fatigue crack propagation 

 

∆𝐾𝐼𝐼𝐼 =  𝜏𝑁 . √𝜋𝑎 .𝐹(𝑠). sin 𝛾                                                            (1) 
 

where, 

 

𝜏𝑁 =
2 𝑇

𝜋 𝑎3
;                                                                                                      (2) 

 

𝐹(𝑠) = √(2 − 𝑠). (2 − 2𝑠&𝑠2)                                                         (3) 

 

a= Crack length, R= Radius with slit of the specimen, T= Torque     
τN= Net section shear stress 

 

These criteria are given by Benthem and Koiter [33], and with 

accuracy is better than one percent, according to its exact method Asymptotic 

Approximation. A torque of 𝑇=175 Kg.cm=17167.5 N.mm was used and a 

first slit of 𝑎=0.2 mm was used, and the diameter of the shaft was d=8 mm. 

Figures 14-17 show the relation between the stress intensity factor (∆𝐾𝐼𝐼𝐼) 

and the fatigue cracking growth rate (da/dN) in the linear region mode - II, 

which is consistent with the Paris equation, and the mode – III which leads to 
the failure of the model, where the increased rate of fatigue cracking is fast in 

this area. 
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Figure 13:  Relationship between the fatigue cracks growth rate (da/dN) and 

the factor of the stress concentration (KIII), at the linear region where the 

fatigue crack first appears, grows, and where the model breaks down for 
group-A 

 

 
 

Figure 14:   Relationship between the fatigue cracks growth rate (da/dN) and 

the factor of the stress concentration (KIII), at the linear region where the 

fatigue crack first appears, grows, and where the model breaks down for 
group-B 
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Figure 15: Relationship between the fatigue cracks growth rate (da/dN) and 

the factor of the stress concentration (KIII), at the linear region where the 

fatigue crack first appears, grows, and where the model breaks down for 
group-C 

 

 
 

Figure 16:   Relationship between the fatigue cracks growth rate (da/dN) and 

the factor of the stress concentration (KIII), at the linear region where the 

fatigue crack first appears, grows, and where the model breaks down for all 
specimens 

 

The structure of martensitic resulting from the hardening of carbon 
steel in water hinders the growth of fatigue cracks. The fatigue limit rises as a 
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result of the interfacial barriers of the martensitic structure. The growth of 
these cracks is hindered by a larger microstructure consisting of martensite 

reviewed with a little bit of bainite, as this structure is characterized by being 

devoid of internal stresses that result from hardening, so the fatigue limit of 
the water-hardened steel increased. 

 

Deduce crack growth behavior equations 
For five models, including the original model, the best three models, and the 

worst model (AS, C7, A7, A3, and B6) to compare them, the Curve Expert 

program was used to derive the equations that describe the growth of the 
fatigue crack mode-III. Table 3 shows the values entered into the program, to 

obtain the fatigue cracks progress rate in the linear region. These equations 

are consistent with the Paris formula in the linear zone. The examination of 
those equations' findings is shown in the following Equations (4)-(8). 

 

Table 3: It shows the values used to obtain the fatigue crack growth rate 
(Mode - III) in the linear region using the program Curve Expert 

 

ΔKIII 
AS 

(as received) 
C7 A7 A3 B6 

48.45533555 4.92028E-05 4.37833E-05 4.37833E-05 4.78285E-05 0.000129795 

79.37775342 9.74173E-05 8.6687E-05 8.6687E-05 9.46962E-05 0.000256982 

107.6715142 0.000144779 0.000128832 0.000128832 0.000140735 0.000381921 

125.9996407 0.000191395 0.000170314 0.000170314 0.000186049 0.000504892 

138.8219901 0.000237341 0.000211198 0.000211198 0.000230711 0.000626094 

148.0347052 0.000282786 0.000251638 0.000251638 0.000274887 0.000745976 

154.6795392 0.000327826 0.000291717 0.000291717 0.000318669 0.00086479 

159.4244172 0.000372469 0.000331442 0.000331442 0.000362065 0.000982555 

162.7409696 0.000416726 0.000370825 0.000370825 0.000405086 0.001099305 

164.9839909 0.000460611 0.000409876 0.000409876 0.000447745 0.001215071 

166.4314112 0.000504134 0.000448605 0.000448605 0.000490053 0.001329883 

167.3058301 0.000547308 0.000487023 0.000487023 0.00053202 0.001443774 

167.7864699 0.000590143 0.000525141 0.000525141 0.000573659 0.001556771 

168.0157625 0.000632664 0.000562978 0.000562978 0.000614992 0.001668939 

168.102807 0.000674885 0.000600548 0.000600548 0.000656034 0.001780315 

171.2422576 0.000716884 0.000637951 0.000637951 0.00069685 0.001891599 

168.1288912 0.000786884 0.000677951 0.000686884 0.000756884 0.001999654 

 
𝑑𝑎

𝑑𝑁
= 2.245 ∗ 10−6 ∆𝐾2.251 − 7.541 ∗ 10−5 ,   for model (AS)             (4) 

 
𝑑𝑎

𝑑𝑁
= 1.997 ∗ 10−6 ∆𝐾2.011 − 6.711 ∗ 10−5,   for model (C7)              (5) 
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𝑑𝑎

𝑑𝑁
= 1.997 ∗ 10−6 ∆𝐾2.013 − 6.711 ∗ 10−5,   for model (A7)              (6) 

 
𝑑𝑎

𝑑𝑁
= 2.182 ∗ 10−6 ∆𝐾2.125 − 7.331 ∗ 10−5,   for model (A3)              (7) 

 
𝑑𝑎

𝑑𝑁
= 5.922 ∗ 10−6 ∆𝐾5.833 − 1.999 ∗ 10−4,   for model (B6)              (8) 

 

 

Conclusions 
 

The following was discovered by comparing the results of the fatigue tests 

before and after the various heat treatments of carbonization and quenching 
in various mediums, as well as a tempering after quenching of all samples, 

and after evaluating the data in various programs: 

i. The number of cycles required for the growth of the fatigue crack in the 
two models (A7, and C7) increased by 88.66% compared to the 

required cycles number in the original model (AS), while the number of 

cycles in the model (B6), which is the worst model in the tests, was less 
by 61.94% for the number of cycles in the original model (AS). 

ii. The figures for the crack growth rate of fatigue show a noticeable 

fatigue crack growth rate increase in the worst model in the test, model 
B2, between 0-2*10-3, in comparison to the original model, whose value 

was between 0-0.69*10-3, and then the crack growth rate increase was 

in the two models (B5, and C6), where the values of the fatigue crack 
growth rate were between 0-1.88*10-3. 

iii. The logarithmic figures demonstrate the relationship between the stress 

intensity factors and the crack length growth rate in the linear region 
mode - II. The model (B6) has a much higher crack length rate than the 

original model, but the variance in the two models' crack length rates is 

relatively small (A7, and C7). The figures also depict the failure zone of 
the model in the mode III region, where the fatigue rate values of the 

crack growth and the factor of stress intensity have converged. The 

crack development rate is rapid, and the failure process is swift in the 
mode III region. 

iv. The obtained equations agree with the Paris formula for fatigue crack 

development growth and are shown by Curve Expert software with 
fatigue crack growth behavior in linear zone mode-III. Since the form 

has superior resistance to fatigue cracking, the tendency for crack 

progression in this area is reduced. 
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