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ABSTRACT 
 

Low pressure carbonitriding and pressurized gas quenching heat treatments were conducted on four steel 

alloys: 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb. Bending fatigue tests were performed with 

Brugger specimens to simulate fatigue on the tooth root of a gear. The heat treatment parameters were modified to 

ensure the surface hardness and effective case depths were comparable for the four alloys. The profiles for hardness, 

retained austenite, residual stress, carbon and nitrogen were comparable for all the alloys. However, the fatigue 

performance of each alloy was different. The highest endurance limit was attained by 20MnCr5+B, followed by 

20MnCr5, SAE 8620+Nb, and SAE 8620. The differences in fatigue endurance limit occurred despite similar case 

depths and surface hardness, indicating that other features were relevant for the fatigue performance in this study. 

However, the difference between the 20MnCr5 endurance limits was minimal, suggesting the differences in B 

content in these alloys has little effect. Low magnitude tensile residual stresses were measured near the surface in all 

conditions. Additionally, non-martensitic transformation products (NMTPs) were observed to various extents near 

the surface on all the alloys, with a higher volume fraction in SAE 8620 + Nb and lower volume fraction in 

20MnCr5 + B. However, there were no differences in retained austenite profiles between the conditions, and the 

retained austenite was mostly stable against deformation-induced transformation to martensite during fatigue testing 

near the endurance limit, which is in contrast to some studies on carburized steels where more significant 

transformation occurs. The presence of NMTPs and tensile residual stress could have occurred due to a low cooling 

rate during pressurized gas quenching. Residual stress profiles were very similar for all the alloys. Overall, it is 

interpreted that the difference in fatigue lives between the conditions is due to differences in chemical composition 

and prior austenite grain size. Alloys containing B and Nb had refined prior austenite grain sizes compared to their 

counterparts in each alloy class, and refinement in prior austenite grain size is established to improve fatigue 

performance in surface hardened steels. Fatigue cracks in all alloys nucleated on the surface through intergranular 

fracture of prior austenite grain boundaries. The variation in the chemical composition influences the grain boundary 

cohesion or embrittlement of the alloys. The segregation of elements such as boron, carbon, nitrogen, niobium, 

chromium, nickel and vanadium contribute to cohesion, and segregation of elements such as phosphorus, aluminum, 

manganese, silicon, copper and titanium contribute to embrittlement. The degree of segregation of each alloying 

element is unknown, though it is possible that the variation in the fatigue performance between 20MnCr5 alloys and 

SAE 8620 alloys is due to enhanced grain boundary cohesion from boron. Boron segregation was investigated 

through nano-SIMS in the low pressure carbonitrided 20MnCr5 + B specimens in the core and in the hardened case. 

Segregation of boron to prior austenite grain boundaries was apparent in the core region. However, clear boron 

segregation to the grain boundaries was not observed in the hardened case, indicating the carbonitriding heat 

treatment changes the boron distribution. 
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CHAPTER 1 INTRODUCTION 

 

The automotive industry is constantly looking for ways to reduce the weight of mechanical components, 

such as gears, mainly due to economic and environmental reasons. Gears are a critical part of powertrain 

components in promoting high efficiency and durability. It is important to adequately select the steel alloy, 

manufacturing processes, and heat treatments, since they are critical for gear performance and structural integrity 

[1,2]. Gears are subject to cyclic loading during their operation and consequently, fatigue performance is critical in 

their design as well. Carbonitriding, which promotes diffusion of both carbon and nitrogen into steel components, 

has some advantages over carburizing such as higher hardness at the surface of the case and higher hardenability, 

allowing for less severe quenching [3-5]. A gradient of carbon and nitrogen is formed from the surface to the base 

composition in the core, causing a variation in the microstructure and hardness throughout the depth. The higher 

carbon and nitrogen content on the surface of the steel also increases solid solution strengthening. The 

microstructure and composition gradient also typically result in a compressive residual stress on the surface. 

During carbonitriding, the volume of ammonia gas, time of treatment, temperature, furnace atmosphere, 

and furnace conditions affect the hardened case and contribute to mitigating the formation of undesirable 

transformation products in the case [3]. One important consideration is nitrogen absorption into the steel, 

particularly in high temperature vacuum carbonitriding. Ammonia dissociation forms atomic nitrogen and hydrogen, 

which subsequently facilitates the diffusion of nitrogen into the steel. A competing process is the formation of 

molecular nitrogen (N2), which suppresses the absorption of nitrogen into the steel. 

When low pressure carbonitriding is performed, only the gases used for the treatment (hydrocarbon gases 

such as propane or acetylene and ammonia) are present in the furnace atmosphere, and the pressure used for the 

treatment is in the range of 5 to 20 mbar. These conditions are different from gas carbonitriding, where hydrocarbon 

gases are typically mixed with air at a specific rate, forming an endogas composed of carbon monoxide (CO), 

hydrogen (H2), nitrogen (N2) and carbon dioxide (CO2). If a combination of hydrocarbon gas and air is used, some 

water vapor is also part of the composition of endogas. Therefore, in gas carbonitriding or carburizing, carbon 

dioxide and water vapor are potential oxidizing agents present in the furnace atmosphere. Internal oxidation does not 

occur when the material is subjected to low pressure carbonitriding due to the considerable reduction of oxidizing 

gases in the furnace, which is a potential benefit for fatigue performance [6,7]. 

A commonly used alloy in carbonitriding applications is the boron containing alloy 20MnCr5+B. However, 

the role of boron in microstructure evolution and properties after carbonitriding is unclear, particularly because the 

alloy is not designed to protect boron from boron nitride formation; that is, boron may not be in solution to promote 

hardenability. Additionally, there may be opportunity to promote grain refinement in alloys heat treated by low 

pressure carbonitriding by using Nb additions, similar to carburizing.   

This work evaluates the fatigue performance of four different alloys, 20MnCr5, 20MnCr5 + B, SAE 8620, 

and SAE 8620 + Nb, after low pressure carbonitriding and pressurized gas quenching. Low pressure carbonitriding 

and gas quenching were designed to achieve a comparable hardness profile and effective case depth across all the 

alloys. Important parameters related to fatigue performance in low pressure carbonitriding and pressurized gas 
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quenching are also analyzed such as hardness, retained austenite, residual stress, carbon and nitrogen profiles, prior 

austenite grain size, effective case depth, and microstructure in the surface and in the core of each specimen. Also, 

the influence of boron is evaluated by comparing 20MnCr5 with and without B additions. Additionally, the 

influence of Nb, added to control prior austenite grain size, is evaluated in the SAE 8620 alloys. While there are 

many similarities to carburizing, there is a low amount of literature on carbonitriding, especially low pressure 

carbonitriding treatments. Two research questions were proposed for this research: 

• How does the unprotected B alloy strategy in the 20MnCr5 + B alloy steel influence 

microstructure and the corresponding fatigue performance in comparison with the 20MnCr5 alloy 

when low pressure carbonitriding is performed? 

• Does the addition of Nb in 8620 influence fatigue performance due to austenite grain refinement 

or because of a possible decrease in the aluminum oxide population? 

1.1 Thesis Outline 

This research is divided into five subsequent chapters with the objective of answering the research 

questions mentioned above. Chapter 2 provides a literature review on low pressure carbonitriding, including heat 

treatment processes and the importance of understanding the chemical reactions in the furnace, the quenching 

processes, the importance of microstructure in a heat treated component for fatigue performance, and the relevance 

of residual stress on the surface of the alloy. The role of elements such as niobium and boron are also discussed in 

this chapter. 

Chapter 3 provides the methodology used to obtain bending fatigue results. Also, the preparation of the 

samples for the characterization performed in this study are discussed in Chapter 3. The samples for all the analyses 

were obtained from the Brugger specimens.  

Chapter 4 discusses and shows the results obtained from the bending fatigue tests, Vickers hardness, 

volume fraction of retained austenite, residual stress profiles, carbon and nitrogen profiles, prior austenite grain size, 

effective case depth and core, boron mapping in the hardened case and in the core obtained through nano-SIMS, and 

microstructure characterization obtained through light optical microscopy (LOM), field emission scanning electron 

microscopy (FESEM), and transmission electron microscopy (TEM) 

Finally, Chapter 5 presents the conclusions based on the research questions, and Chapter 6 suggests future 

work based on the results of this research. 
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CHAPTER 2 LITERATURE REVIEW 

 

Gears are mechanical components used in several different applications. It is essential that gears have high 

hardness on the surface and high toughness in the core, as they should be concomitantly resistant to wear and be 

impact resistant. Most gears in a system are highly efficient in transmitting power, in a range between 98 – 99.5 pct 

[1]. The factors that influence the efficiency and also the performance of a gear system, in a metallurgical point of 

view, are the material used for the gear production, the quality of the surface finish, and the heat treatments 

performed on the surface. Figure 2. 1 shows an example of two gear teeth in contact during power transmission. The 

contact occurs in the reference diameter of each gear [9]. This contact generates load on the teeth and causes the 

tooth roots to support the maximum applied stress, as indicated by a red arrow in Figure 2. 1. This cyclic applied 

load is responsible for the bending fatigue process. 

 

 

Figure 2. 1 Example of two gear teeth in contact showing the power transmission process. The red arrow 
shows the region of interest in this work [9]. 

 

The choice of the material used in a specific system is directly related to the type of system or equipment 

and environment the gear operates under, as well as the production cost. In the automotive industry, gears are 

typically manufactured with low carbon, low alloy steels, and are generally carburized or carbonitrided, quenched 

and tempered. The addition of alloying elements, such as nickel, chromium, and molybdenum, among others, 

increases hardness and strength of the steel alloy and is frequently used in manufacturing heavy-duty mechanical 

components [10]. Chromium, manganese and molybdenum also improve the hardenability of the steel and 

consequently inhibit the formation of undesired non-martensitic transformation products. Elements such as niobium, 

vanadium, aluminum and titanium can also form nitrides, carbides or carbonitrides and pin the austenite grain 

boundaries, improving the steel toughness and mechanical properties. 

Carbonitriding and carburizing followed by quenching and tempering are frequently performed as part of 

the gear manufacturing process. These surface treatments produce modifications in the material microstructure and 

consequently modifications in mechanical properties with the purpose of improving the surface fatigue and wear 

properties [11], since most of the failures originate at the surface of these components [12,13]. 
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 Low Pressure Carbonitriding 

The procedures for carbonitriding are very similar to those utilized for carburizing. The main difference is 

due to the fact that, besides carbon, nitrogen diffuses into the steel as well. Carbonitriding is generally performed in 

the austenitic regime. The diffusion equations used to model carburizing or carbonitriding processes are based on 

Fick’s second law, a derivative of the Fick’s first law, which is applied to stationary flux, as shown in Equation 2.1 

[14,15]:  

S = −AD
∂C∂x

 (2.1) 

where S is the flux, normal to the x-axis; ∂C/ ∂x is the concentration gradient, and D is the diffusion coefficient. The 

negative sign indicates that the diffusion direction is opposite to the direction of the concentration gradient. Fick’s 

second law demonstrates that the solute concentration varies with time and distance, as shown in Equation 2.2 [14, 

15]: ∂C∂t
= D

∂2C∂x2 (2.2) 

To calculate the diffusion depth of carbon and nitrogen during carbonitriding, it is assumed that the surface 

of the steel is the zero depth, indicated by x = 0. It is also assumed that carbon and nitrogen are initially uniformly 

distributed through the steel and finally, t = 0 is the time immediately before the beginning of the injection of gases 

for the carbonitriding treatment. The boundary conditions used for carburizing or carbonitriding are shown in Table 

2. 1 [16]. 

Table 2. 1 - Boundary conditions for diffusion of carbon and nitrogen into the steel. 

Time Concentration of the element Depth 
t = 0 C = C0 0 ≤ x ≤ ∞ 

t > 0 
C = Cs x = 0 
C = C0 x = ∞ 

 

Taking into account the boundary conditions for carbonitriding, or carburizing, Fick’s second Law becomes 

[16]: 

Cx-C0

Cs-C0
 = 1- erf  � x

2√Dt
� (2.3) 

where Cx is the carbon or nitrogen content at a depth x, C0 is the initial concentration of carbon and nitrogen and Cs 

is the carbon or nitrogen concentration on the surface of the steel. The Gauss error function (erf), is used in 

situations where semi-infinite and infinite transient diffusion occurs [15]. 

Low pressure carbonitriding has some advantages over gas carbonitriding. When low pressure 

carbonitriding is performed, only the gases used for the treatment (hydrocarbon gases such as propane or acetylene 

and ammonia) are present in the furnace atmosphere, and the pressure used for the treatment is in the range of 5 to 

20 mbar. These conditions are different from gas carbonitriding, where hydrocarbon gases are typically mixed with 

air at a specific rate, forming the endogas composed of carbon monoxide (CO), hydrogen (H2), nitrogen (N2) and 
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carbon dioxide (CO2). If a combination of hydrocarbon gas and air is used, some water vapor is also part of the 

composition of endogas. Therefore, in gas carbonitriding or carburizing, carbon dioxide and water vapor are 

potential oxidizing agents present in the furnace atmosphere. Internal oxidation does not occur when the material is 

subjected to low pressure carbonitriding due to the considerable reduction of oxidizing gases in the furnace, which is 

a potential benefit for fatigue performance [6,7]. A low pressure carburized sample and a gas carbonitrided sample 

are shown in Figure 2. 2 (a), and Figure 2. 2 (b), respectively. It is possible to observe the absence of intergranular 

oxidation on the surface of the low pressure carburized sample, and a surface covered by intergranular oxidation in 

the gas carbonitrided sample. 

 

 

(a) 

 

(b) 

Figure 2. 2  Comparison between two carburized steels: (a) carburized in low pressure furnace without 
intergranular oxidation on the surface and (b) gas carbonitrided 19MnCr5 with internal oxidation 
on the surface grain boundaries indicated by the yellow arrows [17]. 

 
Steel alloys can be processed at higher temperatures and consequently at shorter processing times through 

low pressure carburizing [18,19]. Low pressure carbonitriding can also be performed at higher temperatures, 

reducing the total time of the process. However, it is not recommended that high temperatures such as those used in 

low pressure carburizing are used for carbonitriding. During carbonitriding, ammonia needs to dissociate to allow 

the absorption of nitrogen atoms into the steel, because molecular nitrogen is not absorbed. Thus, nitrogen 

absorption and the formation of molecular nitrogen are competing processes. At higher temperatures, ammonia 

dissociates at higher rates, allowing faster formation of molecular nitrogen and limiting the maximum temperature 

that can be employed in low pressure carbonitriding, as shown in the schematic of Figure 2. 3. 
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Figure 2. 3  Schematic (not into scale) showing the difference in time for ammonia dissociation and range of 
time for nitrogen absorption into the steel at lower and higher temperatures in the austenitic 
temperature range. 

 
For low pressure carbonitriding or carburizing, a recipe is specifically developed for the alloy and target 

parameters such as surface hardness, core hardness and effective case depth. The recipe includes the sequence of 

gases injected, time of injection of each gas, flow rates and quenching process including gas type (argon, nitrogen, 

helium or hydrogen), pressure and time. Generally, these recipes are the intellectual property of the companies 

responsible for performing the treatment. The typical first steps in low pressure carbonitriding or carburizing are 

injection of carburizing agents. Among the options, acetylene provides approximately 10% more carbon than 

propane and provides a more uniform surface treatment, especially in parts with complex geometry [20]. The 

injection of gaseous nitrogen is the next step in the recipe, with the objective of allowing the diffusion of carbon into 

the part from the previous boost of acetylene in the chamber. The final steps in low pressure carbonitriding involve 

the injection of ammonia, alternating with the injection of acetylene. The steps of one such low pressure 

carbonitriding treatment are presented in Figure 2. 4 [7]. Ammonia is added in the final diffusion steps. The amount 

of carbonitriding agents introduced in the furnace and duration of each step depends on the case depth and content of 

nitrogen desired [7]. The heat treatment process should avoid the formation of undesirable products in the case [3]. 

 

 

Figure 2. 4  Schematic of low pressure carbonitriding steps utilized in a recently developed carbonitriding 
process [7]. 
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During low pressure heat treatments, oil quenching or pressurized gas quenching can be performed. 

Pressurized gas quenching is carried out through a chamber connected to an inert gas reservoir, such as nitrogen or 

helium, which is injected under pressure and cooled through a heat exchanger. This quenching process, besides 

being cleaner than the conventional process, eliminates the part washing step, thus improving the time of the process 

and reducing water consumption. The quenching process also allows for cooling rate variation, making the process 

more flexible. If necessary, tempering can be performed in a continuous furnace, in the same way conducted in the 

conventional treatment. 

Several reactions occur because of the addition of ammonia into the furnace together with the carburizing 

agents. Hoffman et al. [6] performed low-pressure carbonitriding on AISI 52100 steel, controlling the furnace 

atmosphere, as well as the carbon and nitrogen potentials, with the objective of adjusting surface-carbon and 

nitrogen contents to the desired values. By adding ammonia and a carburizing gas in the furnace, several reactions 

occur simultaneously, such as the decomposition of ammonia, nitriding reactions, carburizing reactions, and some 

additional carbonitriding reactions, as shown in Table 2. 2. 

Table 2. 2 - Chemical reactions through a gas carbonitriding process [6]. 

Type of Reaction Chemical Equation 
Decomposition of Ammonia 2NH3 ↔ N2 + 3H2 

Nitriding Reactions 
NH3 ↔ N + 

2

3
H

2
 

N2 ↔ 2N 

Carburizing 

CH4 ↔ C + 2H2 
CO + H2 ↔ C + H2O 

2CO ↔ C + CO2 

CO ↔ C + 
1

2
O2 

Additional Carbonitriding Reactions 
CO + NH3 ↔ HCN + H2O 

HCN ↔ C + N + 
1

2
H2O 

  

Reactions caused by the presence of ammonia, if residual gases such as carbon monoxide are present from 

the carburizing step, are likely to produce carbon and nitrogen and diffuse into the steel, as shown in Table 2. 2 with 

the additional carbonitriding reactions. Therefore, ammonia has an important role in the carbon potential; for a given 

volume of ammonia, the resulting surface carbon content depends on the batch size, furnace condition, and charging 

rack configuration. Overall, the carbon and nitrogen potential in the furnace control the carbon and nitrogen profiles 

in the treated case. Hoffman et al. [6] observed that the presence of nitrogen increases carbon activity, inducing 

carbon to diffuse deeper into the core during carbonitriding, as shown in Figure 2. 5. 
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Figure 2. 5 Influence of nitrogen content on the carbon activity during the carbonitriding treatment [6]. 
 

Quenching is one important part of the thermal treatment that produces martensite, contributing to high 

hardness, strength, fatigue and wear resistance. Martensite is produced when non-martensitic transformation 

products (pearlite, bainite and ferrite) are suppressed [21]. According to Krauss [21], there are two important factors 

that influence the cooling rate. One of these factors is the thermal diffusivity, which is related to heat transfer from 

the core of the material to the surface. The thermal diffusivity is a function of three material properties: thermal 

conductivity, specific heat capacity, and density. The second factor is the heat transfer coefficient, which is the 

ability of the quenching medium to remove heat from the surface of the material. 

Quenching media are compared based on their quenching severity, which is the measurement of the cooling 

power of a medium and is related with the heat transfer coefficient. Krauss showed the difference between oil 

quenching and water quenching for a SAE 3140 steel, rich in nickel and chromium, shown in Figure 2. 6. The 

hatched region represents the region where martensite is lower than 50 pct.  The hardenability of the steel quenched 

with water was considerably higher than the hardenability for the same alloy, with similar diameter, after quenching 

in oil. The quenching severity for water is approximately the quenching severity for oil multiplied by a factor of 4. 
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Figure 2. 6   Comparison of hardenability between quenching in oil and quenching in water for a SAE 3140 
steel with different diameters [21]. 

 

Generally, oil quenching is conducted after carburizing or carbonitriding of steel parts. In low pressure 

treatments, such as low pressure carbonitriding, oil quenching can also be performed. However, pressurized gas 

quenching is preferred in low pressure treatments for several reasons including safety, part cleanliness after 

quenching, less environmental impact, cooling rate control, less distortion, and less rework or secondary 

manufacturing operations. On the other hand, the limitation in the cooling rate severity is one important 

disadvantage in this type of quenching process [22]. 

Oil and water quenching are very different from gas quenching in how they promote cooling of heat treated 

parts. Oil and water quenching have three different stages of cooling. Each stage has a different heat transfer 

coefficient, and also a different heat flux density, which influences the cooling process. These relevant stages are 

film boiling, bubble boiling (nucleate boiling), and convection [22, 23], and schematics showing the heat transfer 

coefficient and heat flux density for these stages during the oil quenching are shown in Figure 2. 7 (a) and (b), 

respectively for oil quenching. In Figure 2. 7 (a), the film boiling stage represents the first contact of the hot steel 

with the oil, labeled as “shock-film boiling mode.” It lasts approximately 0.1 s and has the highest heat flux density 

among all the stages, indicated by qcr1 in Figure 2. 7 (b). This short period of time of high heat transfer in the film 

boiling mode is due to the formation of a vapor film around the hot part, allowing the heat to be transferred only by 

radiation. After the heat flux density decreases to a minimum value (qcr2), the vapor around the hot part collapses 

and the bubble boiling stage initiates, which has the second highest heat flux density and heat transfer coefficient 

among all cooling stages, and contributes to a high cooling rate in the beginning of the quenching process. During 

the nucleate boiling stage, several small bubbles form on the surface of the metal, grow, and detach from the surface. 

This cycle of bubbles nucleating, growing, and detaching allows a high rate of heat extraction, because of the heat 

necessary to transform the phases of the quenching medium from liquid to vapor. After this stage, when the bubbles 

stop nucleating, convection takes place. Convection has a very slow cooling rate when compared with the other 
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previous stages, and it also depends on whether the fluid is still or agitated. Cooling by convection is more uniform 

than the other two stages, contributing to less distortion of the part during the cooling process. 

 

 

(a) 

 

(b) 

Figure 2. 7 Heat transfer coefficient for oil quenching showing the three different stages, film boiling, bubble 
boiling, and convection [23]. 

 

In contrast to quenching a hot metal part with a liquid medium where a large amount of heat is transferred 

during the film boiling stage [23,22], gas quenching cools the heat treated parts only by convection. The heat flux 

density and the heat transfer coefficient are considerably lower at the convection stage, than at the bubble boiling 

stage. A schematic for the heat transfer coefficient for gas quenching showing the heat transfer coefficient and the 

temperature distribution of the part is shown in Figure 2. 8 [22,23]. The temperature distribution shows that the inner 

layers of the sample have higher temperature and the outer layers, have lower temperatures. In Figure 2. 8, it is 

important to emphasize that the heat transfer coefficient through gas quenching is uniform on the surface of the 

specimen. However, the heat transfer coefficient is lower than that in oil quenching. Pressurized gas quenching uses 

either argon, nitrogen, helium or hydrogen to quench metal parts after low pressure treatments. Nitrogen is the most 

common gas for pressurized quenching and the second most common gas is helium. Argon has the lowest heat 

transfer coefficient, followed by nitrogen, helium, and hydrogen with the highest heat transfer coefficient. 
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Figure 2. 8 Heat transfer coefficient for pressurized gas quenching showing the temperature distribution from 
the core (higher temperatures) to the surface (lower temperatures) [23]. 

 

For pressurized gas quenching, the chamber in which the quenching process takes place needs to be 

completely filled with the quenching gas before the beginning of the cooling process. Quenching can occur in a 

specific quenching chamber or in the hot box, where the low pressure carburizing or carbonitriding is performed. 

The cooling rate depends on the pressure used during quenching and also on the quenching medium, as shown in 

Figure 2. 9. At the beginning of the quenching process, the gas starts flowing through the chamber and the desired 

pressure can be reached in the range of 4 to 20 seconds, depending on the parameters (chamber, pressure, gas used). 

The quenching gas recirculates inside the chamber and it passes through a heat exchanger before entering again into 

the chamber [18]. 

 

 

Figure 2. 9  Heat transfer coefficient for different quenching fluids. Figure modified from [18]. 
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The size of the load also affects the cooling rate. According to Liščić and Singer [23], the heat transfer 

coefficient is significantly lower if gas quenching is performed on a load instead of a single part as shown in Figure 

2. 10. The authors did not specify the size of the load. The highest heat transfer coefficient in a load quenched 

through pressurized gas, according to the authors, can be reached at 40 bars with hydrogen; however, the heat 

transfer coefficient does not reach the minimum value for water quenching. An inefficient cooling rate in a load 

could result in undesired microstructures and residual stress distributions. The diffusion of both carbon and nitrogen 

into steel alloys by carbonitriding heat treatments, shows some advantages over carburizing such as higher hardness 

on the surface of the case and higher hardenability, allowing for less severe quenching and less distortion of the steel 

parts [3,5]. 

 

 

Figure 2. 10 Heat transfer coefficient for different quenching media [23]. 

 

 Microstructure Produced by Carbonitriding 

Carbonitriding is performed at austenitizing temperatures and is followed by quenching and tempering. 

Generally, the carbon content on the surface of the steel after carburizing or carbonitriding is in the range of 0.8 to 

1.0 pct. It is expected to have martensite, generally in the plate morphology, and retained austenite as the 

microstructure in the case [24,21], as shown in Figure 2. 11(a)-(d). The carbon content and nitrogen content on the 

surface of the steel of Figure 2. 11(a) are 0.8 wt pct and 0.3 wt pct, respectively. Figure 2. 11 (b) shows the hardened 

case and core in a DIN 19MnCr5 steel. The steel sample was gas carbonitrided at 870 °C, and the carbon and 

nitrogen content on surface are approximately 0.75 and 0.2 wt pct, respectively. Figure 2. 11 (c) shows the 

microstructure in the lighter region, or hardened case, in more detail showing martensite and retained austenite in a 

low pressure carbonitrided DIN EN 20MnCrS5 [6].  It is interesting to observe in both images, Figure 2. 11 (a) and 

(b), a dark strip below the hardened case that divides the hardened case from the core; the core is composed of 

bainite, pearlite and ferrite. This dark strip has a mixed microstructure of bainite and martensite, as shown in Figure 
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2. 11 (d), with the same DIN 19MnCr5. The nitrogen content varies depending on the properties desired for the case, 

and it contributes to a higher hardness on the surface when compared with steels that were only carburized. At 

temperatures where ferrite is present, iron nitrides ε-Fe2–3N and/or γ'-Fe4N (responsible for forming a white layer on 

the surface of the steel) are formed [25]. These iron nitrides are not observed when nitrogen is added into the steel at 

austenitizing temperatures. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2. 11 Microstructure of gas carbonitrided cases showing (a) martensite and retained austenite in the 
hardened case, and the core of a low alloy low carbon steel gas carbonitrided at 850 °C modified 
from [18], (b) a DIN 19MnCr5 gas carbonitrided at 870 °C and oil quenched, (c) the hardened 
case of a low pressure carbonitrided DIN EN 20MnCrS5 showing plate martensite and retained 
austenite [6], and (d) the beginning of the dark strip that divides the hardened case and the core, 
composed of martensite and bainite, in the DIN 19MnCr5 gas carbonitrided at 870 °C and oil 
quenched. 

 

Both carbon and nitrogen are more soluble in the face centered cubic (γ-iron) crystal structure when 

compared to the body centered crystal (α-iron) structure, because of the larger volume of the interstitial sites in the 

face centered cubic crystals [26,14]. The covalent radius of nitrogen is slightly smaller than carbon; therefore, its 
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maximum solubility in ferrite and austenite is slightly larger. At room temperature, the solubility of carbon and 

nitrogen in α-iron is low, so precipitation of carbides and nitrides is possible during carburizing, nitriding, and 

carbonitriding procedures [14]. 

Together with martensite in the case, retained austenite is an important phase for the fatigue performance, 

even though its contribution to fatigue strength in carbonitrided steels is still a point of discussion. Prado and Arques 

[27], Tricot et al. [28], Wyszkowski et al. [29] and Schmuck [30] observed in their studies that the fatigue limit in 

carbonitrided Ni-Cr-Mo low alloy steels increased when the retained austenite volume fraction was around 20 pct. 

Retained austenite may benefit fatigue resistance through stress or strain induced transformation of retained 

austenite to martensite during fatigue cycling, which can locally increase hardness and compressive residual stress. 

In a study of a gas-carburized 4320 steel, Findley et al. [24] observed that up to 75 pct of the retained austenite 

present on the surface of the specimen was transformed into martensite during the bending fatigue because of plastic 

deformation at the crack of the tip. This transformation contributes to increasing the compressive residual stress on 

the surface due to the change in volume caused by the transformation from austenite to martensite. Models 

developed by Findley et al. [22] to account for the compressive residual stress indicate a positive effect of retained 

austenite to martensite transformation on fatigue life. 

Undesired non-martensitic transformation products (NMTP) can also form in the case. Dowling et al. [31] 

identified fine pearlite (NMTP) in carburized AISI 8620 due to the formation of Mn, Si and Cr oxides during gas 

carburizing. The depletion of these elements contributed to the presence of NMTPs in the steel, especially on the 

surface. The authors tried to minimize this issue by performing carbonitriding instead of carburizing in two steel 

alloys, SAE 8620 and SAE 5120. They observed that by adding 1 pct of ammonia to the furnace atmosphere, the 

amount of non-martensitic products could be reduced for both steels after carbonitriding. However, when the 

concentration of ammonia was increased by 3 pct or 5 pct during carbonitriding of an AISI 5120 steel, more NMTPs 

were found in the carbonitrided case and formed at larger depths. The main cause for the presence of NMTPs in both 

studies was the depletion of Cr in the alloys, by forming CrN, thus decreasing the steel hardenability. A mixture of 

martensite together with regions of ferrite and cementite was observed by the authors; however, they did not observe 

any colonies of pearlite. Miwa et al. [32] also carbonitrided an SAE 5120 steel alloy varying the concentration of 

ammonia between 1.0 pct and 2.5 pct, and compared these results with carburized samples of AISI 5120. The 

authors also noticed that that the amount of NMTP was reduced for the steel carbonitrided with lower ammonia 

concentration when compared with only carburized and carbonitrided with higher ammonia concentration. 

 Residual Stress 

Higher compressive residual stresses are important for retarding the nucleation and propagation of cracks 

on the surface of the steel and can be achieved through carbonitriding [4]. It is known that compressive residual 

stresses are generated by the formation of martensite in heat-treated steel alloys. With a proper carbon distribution 

and cooling rate, at the moment a carburized or carbonitrided steel alloy at austenitizing temperature is quenched, 

some martensite is initially formed in the core and later on the surface due to differences in martensite start 

temperature. The volume expansion resulting from the phase transformation causes a compressive residual stress on 
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the surface of the material. The MS is lower on the surface where the carbon content is higher, and higher in the core 

because of the lower carbon content. Nitrogen also contributes to lower the MS in the steel. However, if the 

quenched steel is a non-carburized steel, then the MS is the same throughout the sample and martensite 

transformation would occur on the surface before the core; the resulting residual stresses would be compressive in 

the core and tensile on the surface. Figure 2. 12 shows a schematic residual stress profile through the thickness of a 

carburized and non-carburized steel [21]. The point indicated as 0 mm is equivalent to the surface on the left, the 

point indicated as 2 mm represents the center of the sample, and the point indicated as 4 mm is equivalent to the 

surface on the right of the sample. Figure 2. 12 shows the expected residual stress profiles as described above. 

 

 

Figure 2. 12 Schematic showing the residual stresses through the depth in a carburized steel and in a non-
carburized steel after quenching. Figure modified from [21]. 

 

According to Genel and Demirkol [33], deeper effective case depths in carburized steel alloys promote 

higher compressive residual stresses on the surface of the steel alloys and, consequently, improve the fatigue 

performance. The authors carburized an SAE 8620 alloy for 3 h, 5 h, and 7.5 h, and the effective case depths were 

0.73, 0.90 and 1.10 mm, respectively. In another study, Vilela Costa et al demonstrated that the fatigue performance 

of a steel alloy is directly affected by compressive residual stresses. The authors compared three samples of AISI 

9254 steel [34]. The first sample was only quenched and tempered, and the residual stress on the surface was tensile. 

The second sample was quenched, tempered and shot peened, and the residual stress was compressive; the 

maximum compressive residual stress value (approximately -1050 MPa) was 40 µm from the surface. The third 

sample was quenched, tempered and double shot peened, and the residual stress was also compressive; the 

maximum compressive residual stress (approximately -900 MPa) was at 20 µm from the surface. In this study, the 

best fatigue performance was obtained in the third sample; it was interpreted that this improved fatigue performance 

was because the highest compressive residual stress was closer to the surface, the most likely region for fatigue 

crack initiation [34]. 
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Compressive residual stress is expected on the surface of the steel at normal carburizing conditions because 

of the transformation from austenite to martensite. A variation in the carbon content on the surface of the steel alloy, 

due to decarburization for example, could result in less compressive residual stresses or even tensile residual stresses 

on the surface of the material. Decarburization also promotes the formation of NMTPs, which can reduce the 

magnitude of compressive residual stress. 

 Fatigue of Carburized and Carbonitrided Steels 

Fatigue failures generally occur unexpectedly, without any warning and can occur at normal conditions of 

operation. Fatigue is defined by the American Society for Testing and Materials (ASTM) as “the progressive, 

localized, permanent structural change occurring in a material subjected to conditions that produce fluctuating 

stresses and strains at some point or points and that may culminate in cracks or complete fracture after a sufficient 

number of fluctuations” [35]. The geometry of the part, surface finishing, material imperfections, grain boundaries, 

inclusions and residual stresses can contribute to fatigue crack nucleation. 

Surface features such as, grain boundaries, residual stresses, roughness and hardness are important aspects 

for successful fatigue performance. In brittle materials, such as the surface of carburized steels, fatigue cracks are 

likely to nucleate along prior grain boundaries, especially if the steel is gas carburized and has the presence of 

intergranular oxidation [36]. Intergranular oxidation does not occur in low pressure carburized or low pressure 

carbonitrided steels. In heat treated steels, other features are also very important for the fatigue performance, such as 

carbon content, microstructure, and volume fraction of retained austenite. In stress or strain-induced transformation 

of retained austenite into martensite, the volume expansion of the material associated with the martensitic 

transformation can alter the residual stress distribution [24,37]. The microstructure of the surface treated case 

regions plays an important role in crack nucleation and crack propagation; however, the effect of the case 

microstructure, especially near-surface martensite and austenite, on crack propagation process is not completely 

clarified [24]. 

Besides retained austenite, other microstructural features can contribute to the fatigue behavior in steel 

gears. Fatigue cracks can nucleate, in most cases, by intergranular fracture which can be associated with 

phosphorous segregation and the formation of cementite on the prior austenite grain boundaries when the steel is 

quenched [38]. Also, the presence of manganese sulfides, intergranular oxides, and intergranular cementite can 

contribute to the reduction of the fatigue life of the gear, especially bending fatigue [39]. Transgranular fatigue crack 

nucleation is associated with better fatigue performance [38]. 

In heat treated gears, fatigue cracks are likely to nucleate on the surface in the region of highest stress and 

strain. In gears, the tooth root is the region of highest stress and strain fluctuation, due to the cyclic bending 

associated with gear movement. Jelaska and Podrug [40] developed a numerical model with the objective of better 

understanding the crack path of gears subjected to fatigue, taking into account the variation of direction in the forces 

due to the gear rotation and the fracture mode, which is mode I. The representation of the mesh developed by the 

authors to understand the fatigue crack growth path is shown in Figure 2. 13. The crack is indicated by the red 

arrow. 
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Figure 2. 13 Schematic representing a crack path (dark region indicated by the red arrow) due to bending 
fatigue in the root of a gear tooth [40]. 

 
Figure 2. 14 shows some specimen and microstructure characteristics and their relative importance for 

fatigue performance. Wise and Matlock [41] performed a statistical analysis of the influence of carburized specimen 

characteristics on bending fatigue endurance limit. The authors used several previous studies on bending fatigue of 

carburized steels for this analysis. The average grain size in the hardened case and the surface residual stress are the 

most relevant characteristics for fatigue performance in surface hardened steels. The carbon added during the 

carburizing heat treatment contributes to compressive residual stress, surface carbon content, surface hardness, 

retained austenite and case depth. Martensite and retained austenite are the desired phases in the hardened case, and 

martensite is responsible for higher hardness and compressive residual stress on the surface. The formation of 

martensite depends on carbon content and also on the cooling rate during the quenching process. Smaller prior 

austenite grain size is desired also. This can be achieved by adding microalloying elements to the steel, such as 

niobium, titanium and vanadium. Intergranular oxidation is not an issue in low pressure carburizing or 

carbonitriding treatments, because water vapor and carbon monoxide are not present in the furnace during the 

treatment.  

 

 

Figure 2. 14  Correlation between specimen characteristics for carburized steel alloys and bending fatigue 
endurance limits [41]. 
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It was observed by several authors that the properties related to fatigue of surface hardened steels are not 

only associated with residual stress but also with prior austenite grain size [21,39,42,43]. Refined austenite grains 

increase the fatigue crack initiation threshold and inhibit intergranular crack nucleation [42-44]. The grain 

refinement also results in an improvement in strength [45-47]. In Figure 2. 15, Matlock et al. [44] presented the 

influence of the prior austenite grain size on the endurance limit for several carburized 4320 steel samples. The 

graph shows that higher endurance limits are reached in conditions with smaller prior austenite grain sizes, as shown 

by the ASTM grain size number. The endurance limit increases approximately 400 MPa in the range of average 

grain size ASTM 8 to ASTM 13, for the carburized 4320 steel. According to the authors, the microstructure of the 

case consisted of plate martensite and retained austenite, and the samples were susceptible to intergranular crack 

nucleation. Also, according to the authors, an increase in the carburizing temperatures (in more recent carburizing 

processes such as low pressure carburizing) from 900 °C to 1000 °C decreased the time of the treatment by a factor 

of 3; however, the increase in temperature coarsened the grains in the case, reducing the endurance limit. 

 

 

Figure 2. 15 Influence of the grain size on the endurance limit and consequently in the bending fatigue 
performance of carburized 4320 steel [44]. 

 

Matlock et al. [48] showed, based on the work of AlOgab [49], the effects of the niobium carbonitrides on 

austenite grain growth (Figure 2. 16). The material used in this study (AISI 8620) had the addition of titanium and 

niobium as microalloying elements. The average amount of titanium in each steel grade studied was 0.032 wt pct. 

For each figure shown below, the amount of niobium was different, 0.02, 0.06 and 0.1 wt pct, respectively, for 

Figure 2. 16 (a), (b), and (c). The presence of niobium in the steel alloy refined the average prior austenite grain size 

even at the high carburizing temperature. 
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(a) (b) (c) 

Figure 2. 16 Prior austenite grain size for 8620 steel modified with additions of (a) 0.02 Nb, (b) 0.06 Nb and (c) 
0.1 Nb, annealed at 1000 °C for 240 min [48]. 

 

In a subsequent investigation, Thompson [36] evaluated the fatigue endurance limit in low pressure 

carburized SAE 8620 with different amounts of niobium. The alloys had 0.02, 0.06 and 0.1 wt pct Nb, and the 

Brugger specimens were low pressure carburized at 1050 °C with a heating rate of 114 °C∙min-1, oil quenched and 

tempered at 177 °C to improve martensite toughness. The average prior austenite grain size in the case decreased 

with higher niobium content, and as a result, the endurance limit for the alloys increased, as shown in Table 2. 3. 

Table 2. 3 - Prior Austenite Grain Size and Endurance Limit as a function of the Nb content (wt pct) in carburized 
SAE 8620. 

Nb (wt pct) PAGS (µm) - Case Endurance Limit (MPa) 
0.02 39 655 
0.06 25 758 
0.1 20 965 

 

Refined austenite grain sizes can increase resistance to intergranular fracture, due to crack deflection. 

Overall, with a smaller grain size after carburizing / carbonitriding treatments, the performance of mechanical 

components can be improved [54]. The addition of niobium to steels is generally used to refine the average grain 

size and could also improve strengthening. The low affinity of Nb for oxygen can contribute to reducing the addition 

of deoxidizing elements such as aluminum, and consequently reduce the formation of aluminum oxides (alumina) 

[50]. Alumina inclusions are undesired in the steels, because they are potential fatigue crack nucleation sites. 

Low pressure carbonitriding treatment temperatures can reach approximately 940 °C and low pressure 

carburizing can reach temperatures above 1000 °C.  At these temperatures, it would be expected to have significant 

grain growth, especially in long period heat treatments. Krauss [21] showed the effects of vanadium, aluminum, 

niobium, and titanium on the suppression of austenitic grain growth, compared with a C-Mn steel as shown in 

Figure 2. 17. The curve marked as carbon-manganese (C-Mn) represents a plain carbon steel without any elements 

capable of forming high temperature carbonitrides and retarding austenite grain growth. The efficiency of the other 

elements depends on their solubility in the steel; vanadium has higher solubility than aluminum, which is more 

soluble than niobium and titanium, as indicated by their ability to control grain size in Figure 2. 17. 
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Figure 2. 17 Austenite grain coarsening in steels comparing plain carbon steel (C-Mn) and different 
microalloyed steels [21]. 

 
At higher temperatures such as those used in low pressure heat treatments, e.g. 1000 °C, the grain size of 

plain carbon steels can increase by a factor of approximately 2, possibly having a considerable influence on 

mechanical properties. For this heat treatment temperature in microalloyed steels, the grain size (except for 

vanadium) is approximately the same as for 800 °C. The determination of appropriate microalloying elements 

introduced in steel is correlated, among other factors, to the type of heat treatment performed on the steel. Each 

microalloying element has a specific range of temperatures in which the carbides or carbonitrides are formed and 

dissolved, determining then, if this element is ideal for the desired application [44], e.g. carburizing or carbonitriding 

thermochemical treatments. Microalloy precipitates form at lower temperatures, due to a supersaturation of these 

substitutional and interstitial elements in austenite, anchoring the grain boundaries and allowing for a more refined 

average grain size [21].  

The pinning effect which keeps the average grain size small at high temperatures is shown by Equation 2.4, 

which demonstrates that for a small average grain size, coarsening of the precipitates should be avoided, since the 

radius of the precipitate should be small and the volume fraction should be high [51]. Finer niobium carbonitride 

precipitates effectively limit austenite grain growth [52,54]. On the other hand, when temperature increases and 

precipitates are dissolved or coarsen, some grain boundaries become free to move when the grain growth driving 

force becomes higher than the pinning force of the precipitates. If the volume fraction is maintained and the 

precipitates coarsen (higher value for r), the tendency is that the grain size, R, increases also. 

𝑅𝑅 = 𝜉𝜉 �𝑟𝑟𝑓𝑓� (2.4) 

In Equation 6, 𝑟𝑟 is the radius of the precipitates, 𝑅𝑅 the radius of the curvature of the average grain, 𝑓𝑓 is the volume 

fraction of the second-phase, and 𝜉𝜉 is related to the geometry of the precipitates (𝜉𝜉 =
43 for a spherical geometry as 

well as equal size and random distribution of precipitates in the matrix). 
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 Boron Effects During Thermochemical Processing 

Boron is an important element when increasing the hardenability of steels is desired [55,56]. Thus, boron 

can reduce distortion and quench cracking of steel parts during heat treatments by allowing for lower cooling rates 

to be employed [55,57]. However, the effects of boron are inconsistent, e.g., its inability to improve hardenability of 

high-carbon steels and lowering hardenability when excessive amounts of boron are added to the steel [56]. 

Hardenability of boron steels is more related with the presence of boron in solution in the matrix than with 

the overall content of boron present in the steel, and since boron has such a high affinity for oxygen and nitrogen, 

boron oxides and boron nitrides can form easily. However, boron oxides and boron nitrides are ineffective as 

hardenability agents. Therefore, elements such as aluminum and silicon are important to deoxidize the steel during 

its fabrication and avoid the formation of boron oxides, and also the addition of other elements such as titanium, 

aluminum or vanadium are important to avoid the formation of boron nitrides, because of their high affinity for 

nitrogen. [56-58]. 

Boron is a large interstitial atom, and because of its peculiar size, boron has a low solubility in austenite 

tending to segregate to grain boundaries and dislocations in the steel [14,59]. The segregation of boron to the grain 

boundaries improves hardenability because it suppresses the formation of ferrite, by lowering the grain boundary 

energy [59]. Melloy et al. [60] observed that if boron is added at higher quantities, the excessive amount will 

agglomerate into large particles (e.g., Fe23(C, B)6), and serve as a nucleation site for massive ferrite since it will be 

present at austenite grain boundaries. Different values for the optimized quantity of boron have been discussed in 

different works. Melloy et al. [60] studied the structural steel ASTM A514-J, with approximately 0.2 wt pct carbon 

and manganese and molybdenum additions, and observed that the maximum content of boron for this steel should be 

0.0025 wt pct to obtain maximum hardenability. Llewellyn and Cook [56] studied AISI 8620 steel with a range of 

boron contents varying from 0.0001 to 0.006 wt pct. The authors performed Jominy tests, varying the content of 

boron, and observed that the maximum hardenability was reached when the boron content was 0.0007 wt pct. 

Kapadia et al. [55] indicated that 0.001 wt pct is the ideal amount of boron for maximum hardenability of the steels 

they investigated, as shown in Figure 2. 18. The highest hardenability value is reached at approximately the same 

value of the maximum boron solubility in a steel alloy with approximately 0.2 wt pct carbon. 
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Figure 2. 18 Effect of boron in hardenability of low to medium carbon steels with Mn, Cr, Mo, and Ni 
additions [56]. 

 
In general, boron is added as an alloying element in steels with carbon contents up to 0.4 wt pct, since 

boron does not have a significant contribution in steels with higher carbon contents [56]. As previously mentioned, 

boron has the ability to suppress the formation of ferrite; however, this element is not effective in suppressing the 

formation of ferrite when carbon content is high [59]. According to Llewellyn and Cook [56], alloying elements 

have an important role in lowering the critical carbon level where the influence of boron on hardenability stays the 

same or decreases. In Figure 2. 19, it is possible to compare different Jominy curves of SAE 86XX alloys, with 

carbon varying from 0.2 to 0.9 wt pct without boron and with boron, as shown in Figure 2. 19 (a) and (b), 

respectively. Boron has a positive impact in hardenability in alloys with a carbon content up to approximately 0.5 wt 

pct, especially at depths closer to the surface, by increasing hardness when compared with the alloys without boron 

addition. At higher carbon contents, boron does not influence hardenability, possibly due to the competition between 

carbon and boron atoms to occupy grain boundary sites, since hardenability caused by boron only occurs if boron is 

present on grain boundaries rather than being homogeneously distributed through the matrix [59]. The 8690 alloys 

(dashed lines) with and without boron has more retained austenite and thus lower hardness than the other alloys with 

lower carbon content, as shown in Figure 2. 19 (a) and (b). 

 

 
(a) 

 
(b) 

Figure 2. 19 Hardenability, measured with Jominy curves, for 86XX with varying carbon amounts from 0.2 wt 
pct to 0.9 wt pct (a) without boron (b) with boron [56]. 
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Boron has more impact on the hardenability in alloyed steels, as shown in Figure 2.19, than in C-Mn steels, 

as shown in Figure 2. 20 (a) and (b). The increase in hardness, caused by higher hardenability, is apparent at deeper 

layers in the alloyed steel (SAE 86XX). Boron can increase the influence of other elements on hardenability, such as 

molybdenum. The addition of boron in a steel that contains molybdenum can improve the hardenability of the alloys 

by a factor of 2 [59]. The Jominy curve with 0.88 wt pct carbon has the least influence of boron, as shown in Figure 

2. 20 (b). The influence of boron on the hardenability of the alloys is more apparent at carbon contents of 

approximately 0.5 wt pct and below, as discussed for Figure 2. 19. 

 

 
(a) 

 
(b) 

Figure 2. 20  Hardenability, measured with Jominy curves, for C-Mn steel alloy with varying carbon amounts 
from 0.2 wt pct to 0.9 wt pct (a) with no boron (b) with boron [56]. 
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CHAPTER 3 METHODOLOGY 

 

Low pressure carbonitriding and gas quenching were performed on 20MnCr5 and SAE 8620 alloys and 

modified versions of the same alloys labeled as 20MnCr5 + B and SAE 8620 + Nb. The chemical compositions of 

the steel alloys are provided in Table 3. 1.  

Table 3. 1 - Chemical composition (wt pct) of the steel alloys 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + 
Nb. 

Steel C Mn Si Ni Cr Mo Ti 
20MnCr5 0.19 1.26 0.22 0.09 1.09 0.04 0.0005 

20MnCr5 + B 0.17 1.15 0.24 0.22 1.18 0.06 0.0046 

SAE 8620 0.21 0.87 0.14 0.47 0.56 0.20 0.0005 
SAE 8620 + Nb 0.20 0.83 0.20 0.42 0.50 0.22 0.0007 

 

Steel Nb V Al B N S P Cu 
20MnCr5 0.002 0.003 0.023 0.0007 0.010 0.019 0.008 0.18 

20MnCr5 + B 0.003 0.026 0.033 0.0030 0.010 0.025 0.015 0.22 
SAE 8620 0.002 - 0.017 0.0004 0.011 0.018 0.008 0.20 

SAE 8620 + Nb 0.033 - 0.012 0.0003 0.006 0.020 0.009 0.17 
 

The alloys were obtained through continuous casting steel billets and were hot-rolled in cylindrical bars. 

The cylindrical bars were machined into Brugger fatigue specimens as shown in Figure 3. 1 with the fillet at the half 

radius of the total diameter of the bars, perpendicular to the rolling direction. 

 

 

  

Figure 3. 1 Schematic showing Brugger specimen geometry used for bending fatigue tests. 

 
Low pressure carbonitriding and gas quenching (through pressurized nitrogen) was conducted at ECM-

USA with the ICBP® Nano furnace that is designed for heat treating small loads, such as the one used in this work. 

The dimension of the maximum load in the furnace is 75 liters and the total internal volume of the cell (hot box) is 

approximately 150 liters. The ICBP® Nano furnace is a multi-cell furnace and is constantly kept at a pressure of 

10.5 millibars. Nitrogen constantly flows into the cells and transfer units of the furnace, and it is also used to purge 

the furnace when a new load is introduced in the chamber. All the hot boxes and fixtures are saturated with carbon 

and nitrogen before their first use. Nitrogen stops flowing when the carbonitriding process initiates.  
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Thirty specimens of each of the four alloys were heat treated in the furnace in different batches. The 

carbonitriding pressure varied between 5-13 mbar and the temperature of the treatment was 920 ºC, a temperature 

significantly higher than conventional carbonitriding treatments. The targets for carbon and nitrogen content on the 

surface of the steels were 0.7 wt pct C and 0.2 wt pct N, respectively. The value for carbon was defined by ECM-

USA, based on the predefined parameters of surface hardness, core hardness, and especially effective case depth. 

The value for nitrogen was defined based on a previous carbonitriding project, in which gas carbonitriding was 

performed at Fiat-Chrysler Automobiles for transmission gears [61].  The target surface hardness was 59-64 HRC 

(727 to 905 HV), and the target core hardness was between 30-45 HRC (285 HV to 448 HV). The target effective 

case depth (550 HV) was 0.65 to 0.75 mm. Boosts of acetylene or ammonia compose the heat treatment. Acetylene 

has a longer boost in the beginning of the heat treatment, and ammonia has a longer boost by the end of the heat 

treatment. Several boosts of acetylene and ammonia are performed, but there is always a boost of nitrogen between 

them for two main reasons: first, to allow diffusion of either carbon or nitrogen and second, to avoid mixing these 

gases together in the furnace. Acetylene, ammonia, and nitrogen flows are measured in normal liters per hour (Nl/h) 

as the flow of gas at a pressure of 101.325 kPa at 0 °C. The specimens were quenched with pressurized nitrogen 

with different quenching pressures for the 20MnCr5 alloys and SAE 8620 alloys. The quenching pressure was 4 bar 

for the 20MnCr5 and 20MnCr5 + B and 13 bar for the SAE 8620 and SAE 8620 + Nb. This variation in the 

quenching pressure was necessary due to the hardenability variation between alloys. All the specimens were 

tempered at 180 °C (approximately 350 °F) for two hours, with a total cycle of three hours including heating and 

cooling time. The parameters for carbonitriding are shown in Table 3. 2 for all alloys. 

Table 3. 2 - Recipe for Low Pressure Carbonitriding Treatments Performed in the Nano Furnace at 920 ºC. 

Gases injected into 
the furnace (Nl/h) 

Time of injection (s) 

C2H2 300 506 

N2 500 5016 

NH3 300 3598 

 

The total time for the low pressure carbonitriding heat treatment takes 9120 s and injects 1000.66 liters of 

gas into the furnace. For this calculation, the purging time in the beginning of the treatment is not considered. The 

total injection of acetylene is 4.17 liters, of nitrogen is 696.67 liters, and of ammonia is 299. 82 liters. The stages of 

gas injection are shown in the schematic of Figure 3. 2. 
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Figure 3. 2 Schematic showing the low pressure carbonitriding process. 

 

3.1 Bending Fatigue 

Bending fatigue, using Brugger specimens, was performed using a SATEC Systems model SF-01U 

machine. Tests were conducted with a frequency of 30 Hz and stress ratio (minimum to maximum stress ratio), R, 

equal to 0.1. The Brugger specimen has one of its ends (grip) fixed in the static part of the bending fatigue machine. 

The grip is represented by the hatched end, as shown in Figure 3. 3. The cyclic load is applied in the opposite end; 

therefore, the maximum stress region occurs in the fillet as shown in Figure 3. 3. 

 

 
Figure 3. 3 Brugger specimen showing the maximum stress and the applied cyclic load. 

 

For the fatigue testing in this work, the “up and down” method, developed by Dixon and Mood [62], was 

applied. This methodology is applied to experiments subject to failures or successes (run outs) such as fatigue tests. 

This method consists of setting an initial value, such as the maximum stress in a fatigue test (S0), and varying this 

stress by an increment d. The sequence of stresses depends on the response of the material to the initial stress. 

Hence, if the specimen fails at S0, the next value S−1 will be lowered by the increment d; if the specimen runs out, 

the next value S1 will be raised by the increment d. The magnitude of d between S0, S-1, S-2, S-3 or S0, S1, S2, S3, 

etc, is the same. A schematic of the methodology is shown in Figure 3. 4. 
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Figure 3. 4 Schematic of the “up and down” method, showing how maximum stress is altered depending on 
whether a specimen runs-out or fails during fatigue testing. 

 

 The maximum applied stress for the first specimen tested was approximately the endurance limit of 

previous fatigue tests of carburized SAE 8620 [63], corresponding to 1000 MPa. Runout is defined in this study as 

107 cycles. If the specimen reached 107 cycles without failure, then the next maximum applied stress was increased 

to 1025 MPa. However, if the specimen failed, then the next maximum applied stress value was decreased to 975 

MPa. This process was continued until at least five specimens reached 107 cycles at stress levels within 25 MPa of 

stresses where failure occurred. Fatigue tests are performed to obtain the fatigue strength of a steel alloy. The most 

established method of obtaining the fatigue strength is testing specimens at different stress amplitudes or maximum 

stress values. Initial tests are conducted at a relatively high stress amplitude in the finite life regime. The stress 

amplitude is then incrementally lowered until three specimens reach 107 cycles (run out) consecutively; the 

corresponding calculated value is defined as the endurance limit. 

There are some advantages of using Dixon and Mood method to determine the fatigue life. The maximum 

stress values for run outs and the lowest maximum stress for failure bracket the average; therefore, obtaining the 

average is more accurate. The “up and down method” only works if the data are normally distributed. The number of 

run outs and failures should be close to each other for each condition; for example, the number of run outs could be 

5 and the number of failures could be 6 for a specific alloy, such as SAE 8620. 

Dixon and Mood also developed a method to calculate the average and the standard deviation for the “up 

and down method”, shown in the Equations 3.1- 3.5. The lowest value of maximum stress is considered as S0. For 

example, assume the group of less repetition is the group of run outs, S0 is 400 MPa, and only one run out occurred 

at this stress. Then, for the calculations, the index i of the lowest maximum stress is zero, and the frequency of run 

outs for 400 MPa, indicated by ni, is one. The value of the next highest stress is given an index, i, of 1 and so on, and 

the change in maximum stresses after a failure or success is d, as shown in the example dataset in Table 3. 3. To find 

the average and standard deviation values, the constants A and B need to be calculated, as shown in Equations 3.1 

and 3.2. The number of specimens in the group of less repetition is indicated by N, which is given by Equation 3.3. 

It is important to register how many run outs and how many failures occurred for a specific condition, because the 

calculations for average and standard deviation only use data of the event of less repetition. If there are 5 run outs 

and 6 failures, the average and standard deviation for fatigue strength will be calculated based on the maximum 
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stress values of the run outs. If there were 6 failures and 7 run outs, the average and standard deviation values for 

fatigue strength would be calculated based on the maximum stresses of failures. 

Table 3. 3 - Example Fatigue Dataset in Which the Run Outs Were the Group of Less Repetition 

Stresses Index (i) Run Outs (ni) Failures 

S0 = 400 MPa 0 1 0 
S1 = 450 MPa 1 3 1 
S2 = 500 MPa 2 1 3 
S3 = 550 MPa 3 0 2 

 

A = � ini (3.1) 

B = � i2ni (3.2) 

N = � ni (3.3) 

The average value of stress (S�), corresponding to the endurance limit, is calculated as shown in Equation 

3.4.  

S�DM = S0 + d �A

N
 ± 

1

2
� (3.4) 

The plus or minus signs are used if the analysis is based on failures or run outs, respectively. 

The standard deviation (σDM) is calculated as shown in Equation 3.5. 

σDM = 1.620d�NB - A2

N2  + 0.029� (3.5) 

The “up and down method” can be applied to any field of study. Dixon and Mood suggested performing the 

tests with approximately 40 specimens in each condition. Lee and Taylor [64] stated that for fatigue analysis, at least 

15 specimens are appropriate to calculate average and standard deviation using the calculations presented by Dixon 

and Mood. Fatigue strength may be calculated in alternative ways using the “up and down method.” Yoshimoto [65] 

utilized the “up and down method” for fatigue analysis with a small set of samples, calculating the average (S�S)  and 

standard deviation (σS), as shown in Equations 3.6 and 3.7, respectively. 

S�S = 
∑ Sn

n
0

N
 (3.6) 

σS = �∑|Sn-S�S|2

N
 (3.7) 

The stresses in the group of less repetition are indicated by Sn. 

3.2 Hardenability Calculation 

The ideal diameter (the depth in which 50 pct martensite is present) can be calculated through Grossmann’s 

method by using the hardenability multiplying factors from literature [66,45,60]. Grossmann’s method has a specific 

multiplying factor for each element. The amount of each element present in the alloy and the prior austenite grain 
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size of the steel are included in the calculation; the calculations for hardenability assume the steel samples were 

quenched in an ideal media (quench intensity tends to infinity, H = ∞). For this work, hardenability was obtained for 

each alloy to determine the relative likelihood of forming non-martensitic transformation products, which could 

affect fatigue performance. The ideal diameter of each steel alloy was calculated through the Caterpillar 1E0038 

method [67], which uses the principles of Grossman’s method by using the chemical composition of the steel to 

calculate the Jominy curve and estimates the ideal critical diameter (DI), in which the steel contains 50 pct 

martensite. The Caterpillar 1E0038 method always considers the ASTM average grain size of 7 for the calculations, 

and also if boron is present in solution in the steel alloy.  

3.3 Prior Austenite Grain Size 

For each alloy, the average prior austenite grain size was measured on the surface (in the range between       

0-100 µm), in the effective case depth (650 to 750 µm), and in the core (>1200 µm).  Small cubic samples were cut 

from the Brugger specimens, tempered at 300 °C for 20 hours and air cooled. Samples were mounted in Bakelite 

and ground with 320, 400, 600 and 1200 grit paper and polished with 6 micron diamond paste. After this process, 

the mounted samples were etched with 200 mL DI water, 2.6 grams of picric acid, 6 mL of Teepol and 2 mL of HCl. 

The etchant was heated to approximately 70 °C and mixed until the picric acid was fully dissolved. A slight 

variation in the color of the reagent (from bright yellow to darker yellow) indicates that the reagent is ready to be 

used. The samples were immersed in the etchant for 30 seconds to 2 minutes and rinsed in ethanol. Back polishing 

was conducted to remove excessive etching. Microhardness indentations at depths of 100 µm, 650 µm, 750 µm and 

1200 µm were used for reference for the location of the prior austenite grain size measurements. Approximately 

1000 grains were measured for each depth region in each alloy. For the measurements, several horizontal lines were 

traced on the micrographs by using the ImageJ, and the number of intercepts were counted along the line to obtain 

the average and standard deviation of the prior austenite grain size for each alloy. 

3.4 Hardness Profiles 

Vickers microhardness profiles were obtained for all four alloys in a LECO AMH55 Automated Hardness 

Indenter. Two Brugger specimens of each alloy, carbonitrided in different batches, were cross sectioned, mounted in 

Bakelite, ground with CAMEO® magnetic discs from Leco, equivalent to 180, 280, 400 and 600 grits, and polished 

with 9, 6 and 3 µm diamond paste. The load used for each indentation was 1000 g and was applied for 10 s. Rows of 

measurements were obtained perpendicular to the surface. For each sample, 2 rows were obtained at depths from 0 

µm to 1500 µm with measurements at every 100 µm, and two rows were placed at depths from 50 µm to 850 µm 

with measurements at every 100 µm. The resulting hardness profiles thus have a spacing of 50 µm between data 

points. 

Additionally, a low pressure carbonitrided Brugger specimen of each alloy was cross sectioned, and 

prepared similarly to obtain hardness data with a 25 g load applied for 10 s. Six rows of indents, parallel to the 

surface, were performed with a spacing between each indent of 20 µm. The microhardness in the first row was 
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obtained at a depth of 20 µm, and microhardness in the last row at a depth of 120 µm. For each row, 10 indents were 

obtained, also with a spacing of 20 µm between them, to increase the number of data points for statistical analysis. 

3.5 Retained Austenite Profiles 

X-ray diffraction was performed to determine the volume fraction of retained austenite with a Siemens 

Kristalloflex 810 machine with a copper source (λ = 1.5418 Å). The applied voltage and current were 30 kV and 25 

mA, respectively. All the samples were analyzed with a 2θ range between 35º and 105º, step size of 0.05º, and step 

time of 5 s. For depths of 50 µm and 100 µm, the samples were ground with 320 grit SiC paper to remove 40 or 90 

µm of material, and the last 10 µm was removed with a solution of DI water, hydrogen peroxide (30 pct), and 

hydrofluoric acid. The thickness of the sample was measured before and after grinding and etching with a flat and a 

point micrometer. The volume fraction of retained austenite was calculated based on the method presented by 

Jatczak [68]. 

3.6 Residual Stress Profiles through X-ray Diffraction 

Residual stress measurements were conducted at the Fiat-Chrysler Automobile facility in Auburn Hills, 

Michigan. Four specimens were sent to FCA: three Brugger specimens (20MnCr5 + B, SAE 8620 and SAE 8620 + 

Nb), and a piece of a Brugger specimen (20MnCr5), as shown in Figure 3. 5. The analyses were conducted on the 

flat surface of the specimens, relatively distant from the fillet of the specimens, allowing the same analysis 

conditions for all the alloys. Measurements at approximately 13 different depths were taken for each alloy (including 

one analysis on the surface), and three measurements were taken per each depth. The residual stress measurements 

were obtained by a Proto LXRD (Proto Manufacturing Lab X-Ray Diffractometer Residual Stress Analysis System) 

using a chromium source operating at 30 kV and 25 mA and a spot size of 1 mm. The layers of each specimen were 

removed by electropolishing in a Proto Electropol (circular marks in Figure 3. 5). The width of each Brugger 

specimen is 8.89 mm. 

 

 

Figure 3. 5  Specimens used for residual stress analyses through X-ray Diffraction. 
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3.7 Electron Microscopy 

Micrographs and fractographs were obtained with a JEOL JSM-7000F Field Emission Scanning Electron 

Microscope (SEM). To obtain SEM micrographs, a low pressure carbonitrided Brugger specimens of each alloy was 

cross sectioned, mounted in Bakelite, ground with CAMEO® magnetic discs from Leco equivalent to 180, 280, 400 

and 600 grits, and polished with 9, 6 and 3 µm diamond paste. Samples were lightly etched with 2 pct nital. 

3.8 Carbon and Nitrogen Profiles 

Carbon and nitrogen profiles were obtained through Glow-Discharge Optical Emission Spectroscopy 

(GDOES) at Spectruma Analytik GMBH in Hof, Germany. The carbon and nitrogen profiles were obtained using a 

spot size (anode) of 2.5 mm. Measurements were performed according to ISO14707, ISO25138:2010 and 

ISO/DIS16962.2 (ISO/TC 201/SC 8). For this analysis, one Brugger specimen of each alloy was tested and at least 

three measurements were made in each specimen. The depth range was from 0 µm to approximately 150 µm. To 

obtain the carbon and nitrogen profiles the averages, standard deviations and standard errors were obtained for the 

measured values at intervals of 1 µm each. 

3.9  Focused Ion Beam (FIB) 

A FIB was used to obtain samples for the Transmission Electron Microscopy (TEM). The TEM lift-out was 

obtained for the 20MnCr5 + B. For that, a piece of a Brugger specimen was cut and lightly polished with 6 µm 

diamond paste to remove any oxidation on the surface. The surface of the sample was etched with the ion beam to 

reveal the grain boundaries, as shown in Figure 3. 6 with the yellow arrows. A platinum film with a length of 

approximately 15 - 20 µm, width of 2 µm, and height of approximately 3 µm was deposited on the grain boundary 

chosen. The initial sample obtained from the FIB had a depth of approximately 15 µm. For TEM, this initial sample 

was attached with platinum to a copper sample holder and polished with the ion beam until it became partially 

transparent (ideal for STEM). 

 

 

Figure 3. 6  Sample etched with the ion beam on FIB to reveal the grain boundaries in the alloy. 
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Scanning transmission electron micrographs (STEM) were conducted on FEI Talos F200X for the 

20MnCr5 + B steel with the objective of identifying possible boron-based precipitates and other possible 

precipitates present in the alloy. 

3.10  Nano-SIMS 

Nano-SIMS was performed using the CAMECA IMS 6f at Arizona State University (ASU), with the 

objective of tracing boron in solution or in form of precipitates on the surface and in the core of the 20MnCr5 + B 

steel alloy. The sample was mounted with EpoThin 2 resin from Buehler®, as shown in Figure 3. 7 (a), ground with 

240, 320, 400, 600, 800 and 1200 grit SiC paper and polished with 9, 6, 3, 1 and 0.5 micron diamond paste. The 

analyses were performed at approximately 400 µm from the corner surface and in the core of the samples, as shown 

in Figure 3. 7 (b). This region was chosen because measurements too close to the edge, such as the top surface 

(region of maximum applied stress), are hard to obtain as charging can occur, interfering in the analysis. The corner 

generally contains a higher amount of carbon and nitrogen from the carbonitriding heat treatment, and the analyses 

performed in this region partly compensates for the higher depths. 

 

 

(a) 

 

(b) 

Figure 3. 7  20MnCr5 + B sample (a) mounted in resin for Nano-SIMS analysis, and (b) approximate region to 
be analyzed. 

 

Secondary ion mass spectroscopy uses a directed ion beam on the surface of the specimen to be analyzed, 

sputtering positively and negatively charged atoms from the material to be analyzed. These charged atoms are 

analyzed in the mass spectrometer, and the spectra and image are obtained. A schematic of how a secondary ion 

mass spectroscopy works is shown in Figure 3. 8. For the nanoscale secondary ion mass spectroscopy, the maximum 

area recommended for analysis is 50 µm by 50 µm. This technique can be used for surface compositional analysis, 

to trace a specific element, and to obtain spatial distribution of an element [69]. 
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Figure 3. 8 Schematic showing secondary ion mass spectroscopy (SIMS) fundamentals [69]. 
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CHAPTER 4 RESULTS AND DISCUSSION 
 

The results of the 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb alloys, and their discussion, 

resulting from the previously described Experimental Procedures are presented in this chapter. 

4.1 As Received Condition 

Light optical micrographs were obtained for all the alloys in the as received condition as shown in Figure 

4.1 (a)-(d), where it is possible to observe the presence of ferrite, bainite and some pearlite in the steel alloys. The 

volume fraction of bainite is considerably larger in 20MnCr5 steel (Figure 4.1 (a)) when compared to the other steel 

alloys. For the 20MnCr5 + B (Figure 4.1 (b)), there is more proeutectoid ferrite, as well as more pearlite colonies 

(yellow arrows), when compared with the 20MnCr5 steel. The SAE 8620 steel (Figure 4.1 (c)) also has a large 

volume fraction of bainite with some pro-eutectoid ferrite. Similar to 20MnCr5 + B, the SAE 8620 + Nb (Figure 4.1 

(d)) alloy has a higher volume fraction of proeutectoid ferrite and pearlite. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.1 Light optical micrographs in the “as received” condition for (a) 20MnCr5, (b) 20MnCr5 + B, (c) 
SAE 8620, and (d) SAE 8620 + Nb. 
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Hardness tests were performed on each steel alloy in the “as received” condition, as shown in Figure 4. 2. 

Ten measurements were made for each alloy to obtain the average and standard deviation for comparison. The 

20MnCr5 steel had the highest average when compared with the other steel alloys. It is interesting to observe that 

the average microhardness was smaller for 20MnCr5 + B, followed by SAE 8620 and SAE 8620 + Nb. The 

hardness in each steel is correlated with the amount of proeutectoid ferrite observed in each condition. Even though 

20MnCr5 + B contains boron, which contributes to hardenability, it has more proeutectoid ferrite than the 20MnCr5 

alloy. Elements such as vanadium and titanium contributed to a larger volume fraction of proeutectoid ferrite in the 

20MnCr5 + B than in 20MnCr5 alloy, as they are ferrite stabilizers. Similarly, the volume fraction of proeutectoid 

ferrite in SAE 8620 + Nb is larger than that in SAE 8620, due to the addition of niobium to the steel.  

 

 

Figure 4. 2 Average hardness (HV) and standard deviation for the as-received steel alloys. 
 

4.2 Hardenability 

The variation in the chemical composition of each steel alloy implies different hardenability values, and the 

ideal diameter for each alloy steel is shown in Table 4. 1. Hardenability was calculated based on the alloy 

composition, as shown in Table 3. 1 (Methodology), before low pressure carbonitriding and assuming quenching in 

an ideal medium. The hardenability contribution of vanadium is calculated from the multiplying factors determined 

by Crafts and Lamont [66]. The calculations show that 20MnCr5 + B has the highest hardenability, followed by the 

20MnCr5, SAE 8620, and SAE 8620 + Nb. The 20MnCr5 + B alloy is expected to have some boron in solution and 

fine precipitates of M23(B,C)6. The addition of boron in the modified 20MnCr5 alloy enhances the hardenability by 

poisoning the formation of ferrite on prior austenitic grain boundaries [56]. According to Sharma et al [59], boron in 

solution and fine precipitates of M23(B,C)6 are responsible for lowering the grain boundary energy and the number 

of nucleation sites for ferrite; however, boron nitrides do not contribute to the hardenability of the steel. Boron has a 

high affinity for nitrogen; therefore, there is a chance that some boron nitrides are formed. However, neither 
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M23(B,C)6 nor boron nitrides were observed with the characterization techniques employed. Because of the 

ambiguity associated with whether boron was in solution, the multiplying factor for boron was not added to the 

hardenability calculations. The multiplying factor for the boron should be lower than that for 0.003 wt pct B (30 

ppm), because the amount of boron in solution is likely considerably lower than the total amount of boron in the 

steel alloy; the multiplying factor for 30 ppm B has been reported to be near 2.9 [60]. 

Disregarding the influence of boron in the 20MnCr5 alloys, the greatest hardenability contribution comes 

from the manganese and chromium additions; the hardenability contributions for those elements are higher by a 

factor of approximately two when compared to the Mn and Cr additions in SAE 8620. There are larger contributions 

to hardenability from nickel and molybdenum in SAE 8620 compared with 20MnCr5. However, nickel has a much 

smaller contribution to hardenability than manganese or chromium, and the quantity of molybdenum added in SAE 

8620 is not large enough to surpass the hardenability contributions of manganese and chromium in 20MnCr5. 

Conditions with smaller prior austenite average grain sizes have lower hardenability; however, the Caterpillar 

1E0038 equation used assumes an ASTM grain size number of 7 as the average grain size. Therefore, the lower 

calculated hardenability in the SAE 8620 + Nb comes from the lower content of manganese, nickel, chromium and 

aluminum and does not consider the refined prior austenite grain size. According to Yan and Bhadeshia [70], 

dissolved niobium can improve the hardenability of the steel, and 0.05 wt pct of niobium has the same multiplying 

factor as 1 wt pct of manganese. However, since the hardenability is directly related to grain size and niobium in the 

form of precipitates refines the average grain size, it is expected that hardenability reduces when grain-refining 

niobium carbides or niobium nitrides are present. Niobium is not added in the hardenability calculation because the 

total amount of niobium in solution is also unknown. 

Table 4. 1 - Hardenability Expressed by the Ideal Diameter for Each Alloy (in mm) 

Alloys Ideal diameter (mm) 

 

Alloys Ideal diameter (mm) 

20MnCr5 64.2 SAE 8620 52.9 

20MnCr5 + B 64.9 SAE 8620 + Nb 47.7 

 
4.3 Hardness Profiles after Low Pressure Carbonitriding and Pressurized Gas Quenching 

Microhardness profiles were performed on the low pressure carbonitrided specimens. The values for 

surface and core hardness as well as the effective case depth are shown in Table 4.2. A higher surface hardness was 

obtained in 20MnCr5 + B, followed by 20MnCr5, SAE 8620 + Nb and SAE 8620. However, the surface hardness is 

statistically similar between conditions (except for SAE 8620), The effective case depth was in the desired range for 

all of the conditions. However, the effective case depth in SAE 8620 was larger than the other alloys. The reason for 

this variation in the effective case depth in the SAE 8620 is unknown. 
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Table 4.2 - Effective Case Depth, Surface Hardness and Core Hardness for 20MnCr5, 20MnCr5 + B, SAE 8620, 
and SAE 8620 + Nb Alloys 

Steel Alloy 
Effective Case Depth 

(µm) 
Surface Hardness 

(HV) 
Core Hardness 

(HV) 

20MnCr5 690.8 ± 13.2 792.7 ± 6.9 393.5 ± 4.5 
20MnCr5 + B 679 ± 2.7 803.9 ± 3.1 441.4 ± 0.4 

SAE 8620 721 ± 3.9 765 ± 4.3 397.5 ± 3.9 
SAE 8620 + Nb 672.3 ± 12.1 788.4 ± 2.7 365 ± 7.2 

 

Hardness profiles for all the specimens were obtained after low pressure carbonitriding and pressurized gas 

quenching, as shown in Figure 4. 3 (a) and (b). The indenter force used for the full profile was 1 kgf, and for the 

surface profile, 25 gf was used. A smaller indenter force near the surface allows for finer spacing and higher spatial 

precision between indents. In Figure 4. 3 (a), the hardness profiles for all the specimens are very similar to each 

other from a depth of 100 µm to a depth of approximately 800 µm. After 800 µm, closer to the core, the hardness 

diverges, likely due to differences in hardenability. Due to the differences in composition of each alloy, the 

hardenability is higher in 20MnCr5 + B, followed by 20MnCr5, SAE 8620, and SAE 8620 + Nb. The 20MnCr5 + B 

alloy has the highest hardness in the core, and SAE 8620 + Nb has the lowest hardness, which corresponds to the 

lowest hardenability. In Figure 4. 3 (b), the average and standard error of hardness in the range of 20 – 120 µm are 

presented because this region is associated with fatigue crack nucleation and growth in the Brugger fatigue 

specimens. The hardness values of 20MnCr5 + B, 20MnCr5 and SAE 8620 + Nb are statistically similar in this 

range, though 20MnCr5 + B has a higher hardness among these conditions, especially at depths closer to the surface, 

followed by 20MnCr5 and SAE 8620 + Nb. The SAE 8620 alloy has the lowest hardness among all alloys and is not 

statistically comparable to the other alloys.  

 

 
(a) 

 
(b) 

Figure 4. 3 Vickers hardness (a) average profile for 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb 
and (b) average and standard error microhardness with 25 gf indentation in the range of 20-120 
µm for 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb. 
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4.4 Fatigue Analysis 

The S-N curves showing the specimens that failed and ran-out from the bending fatigue tests of 20MnCr5, 

20MnCr5 + B, SAE 8620, and SAE 8620 + Nb alloys are shown in Figure 4.4 (a)-(d). As stated in the Methodology 

chapter, the “up and down” method was used to calculate the endurance limit. Frequently the “up and down” method 

is slightly less conservative than the “three consecutive run-outs” method. Similarly, Dixon and Mood’s method is 

more conservative than Yoshimoto’s method of calculating the average endurance limit. All the points that are 

crossed by the vertical run out line at 107 cycles or are located to the right of the line represent a run out. Any point 

on the left side of the line, even those close to it, such as the one with a maximum stress of 925 MPa in Figure 4.4 

(c), represent a failure. The point indicated as “failure” in Figure 4.4 (b) is the only exception. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.4 S-N curves obtained for (a) 20MnCr5, (b) 20MnCr5 + B, (c) SAE 8620 and (d) SAE 8620 + Nb. 
 

The average fatigue strength values and standard errors of the carbonitrided 20MnCr5, 20MnCr5 + B, SAE 

8620, and SAE 8620 + Nb alloys, calculated through the Yoshimoto and Dixon and Mood methods, are shown in 
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Figure 4. 5 and Table 4. 3. The average fatigue strength was highest for the 20MnCr5 + B alloy, followed by 

20MnCr5, SAE 8620 + Nb, and SAE 8620; however, 20MnCr5 + B and 20MnCr5 were statistically similar for the 

Dixon and Mood method. The carbonitriding heat treatments were designed to have similar surface hardness and 

case depth values for all alloys. While there are some slight differences in these values as discussed above, the 

variation in fatigue strengths, up to 175 MPa, between the conditions suggests that there are other important factors 

affecting fatigue strength in these alloys. 

 

 

Figure 4. 5 Comparison of fatigue average and standard error in Yoshimoto and Dixon and Mood methods for 
20MnCr5, 20MnCr5 + B, SAE 8620, and SAE 8620 + Nb. 

 

Table 4. 3 - Average fatigue strength and standard error of carbonitrided 20MnCr5, 20MnCr5 + B, SAE 8620 and 
SAE 8620 + Nb alloys 

Steel Alloy 
Yoshimoto Average Fatigue 

Strength (MPa) 
Dixon and Mood Average 

Fatigue Strength (MPa) 

20MnCr5 970 ± 8.4 957.5 ± 10.7 

20MnCr5 + B 1010.7 ± 14.2 973.2 ± 34.8 

SAE 8620 835 ± 5.5 822.5 ± 8.5 

SAE 8620 + Nb 880 ± 7.5 867.5 ± 10.7 

 

Fatigue cracks are most likely to nucleate on the surface of the steel, and the majority of the fatigue life is 

spent within the near surface transgranular crack growth region; therefore, surface parameters such as residual stress, 

prior austenite grain size, carbon content, presence of intergranular oxidation (does not occur in these low pressure 

treatments), roughness, hardness, and retained austenite volume fraction are important, as shown in Figure 2. 14.  

4.5 Fractography 

Fatigue fracture features in the low pressure carbonitrided steels are similar to the fatigue fracture features 

obtained after gas or low pressure carburizing and oil quenching. For several of the fractured specimens for all four 

800

850

900

950

1000

1050

 20MnCr5

 20MnCr5 + B

 SAE 8620

 SAE 8620 + Nb

F
a

ti
g

u
e
 S

tr
e
n

g
th

 (
M

P
a

)

Y DM Y Y YDM DM DM

Calculation Method - Yoshimoto or Dixon and Mood



 

40 
 

alloys, fatigue cracks clearly nucleated intergranularly on prior austenite grain boundaries, as shown in Figure 4. 6. 

The crack nucleation region in the 20MnCr5 + B steel is indicated in the figure with white arrows. In gas carburized 

steels, fatigue cracks nucleate intergranularly partly because of the intergranular oxidation that forms on the grain 

boundaries at the surface [71]. Another potential reason for intergranular fatigue crack nucleation is due to the 

segregation of phosphorus to the grain boundaries [71]. Intergranular oxidation does not form on steels heat treated 

through low pressure carburizing; however, the crack nucleation mechanism is still intergranular due to segregation 

of phosphorus to the grain boundaries [36]. Similar to low pressure carburizing, low pressure carbonitriding does not 

form intergranular oxidation either. Therefore, phosphorus segregation is one potential cause for intergranular 

fatigue crack nucleation in the low pressure carbonitrided steels. The phosphorus contents for 20MnCr5, SAE 8620 

and SAE 8620 + Nb are between 0.008 and 0.009 wt pct, similar to the lowest phosphorus content in Hyde’s work 

[71]. The phosphorus content in 20MnCr5 + B is 0.015. Most of the fatigue crack nucleation sites in 20MnCr5 + B 

alloy were on the surface of the specimen. However, most of the fatigue crack nucleation sites in 20MnCr5 and SAE 

8620 + Nb alloys occurred on the corner or close to the corner. For the SAE 8620 specimen analyzed, the fatigue 

crack nucleation occurred on the surface of the alloy. 

 

  

Figure 4. 6 Intergranular fatigue crack nucleation in a 20MnCr5 + B specimen showing that the crack 
nucleated on a prior austenite grain boundary at a magnification of (a) 900 X and (b) 2200X. The 
failure occurred at maximum stress of 1000 MPa and 42,600 cycles. 

 

Fractographs from 20MnCr5 Brugger fatigue specimens are shown in Figure 4. 7 (a) and (b), and 20MnCr5 

+ B fractographs are shown in Figure 4. 7 (c) and Figure 4. 7 (d). Fatigue crack nucleation was intergranular in a 

well-defined site, as shown in Figure 4. 7 (a) and (b) for the 20MnCr5 alloy. The fatigue fracture features in both 

base alloys are comparable to those observed in carburized alloys tested in bending fatigue, as shown by Hyde et al. 

[72] in gas carburized 4320 steels. Figure 4. 7 (a) and Figure 4. 7 (b) are in the same region, but with different 

magnifications. In Figure 4. 7 (a), the regions of crack nucleation, crack propagation and overload fracture are 

shown. The crack nucleation site, indicated by the black arrow, has intergranular features and occurred over 

approximately two or three prior austenite grains on the surface of the specimen with an approximate diameter of 35 

µm, as seen in Figure 4. 7 (b). The transgranular region, inside the white dashed semi-ellipse, corresponds to the 
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region where the crack propagated as a stable fatigue crack in a semi-elliptical crack path. Most of the fatigue life of 

the material occurs in these two regions. After reaching a critical size in the transgranular regime, intergranular 

overload fracture occurs through the rest of the case, as observed outside the white dashed semi-elliptical region. For 

some of the 20MnCr5 + B specimens, crack nucleation sites with intergranular features are not as apparent. One 

possible region of crack nucleation is indicated with a black arrow in Figure 4. 7 (c) and (d) for a 20MnCr5 + B 

alloy. However, the region of crack propagation is clear, as indicated in Figure 4. 7 (c) and (d) by the area inside the 

white dashed semi-ellipse. The overload region in the 20MnCr5 + B specimen, outside the dashed semi-ellipse also 

exhibits intergranular features through the case.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4. 7 Fractograph from Brugger fatigue specimens of carbonitrided (a) and (b) 20MnCr5 with 
maximum applied stress of 950 MPa and failure at 41,600 cycles, (c) and (d) 20MnCr5 + B with 
maximum applied stress of 1025 MPa and failure with 25,700 cycles, showing the fatigue crack 
nucleation and propagation regions. 

 

Two crack initiation sites (black dashed semi-ellipses) in SAE 8620 + Nb are shown in Figure 4. 8 (a). 

Figure 4. 8 (b) shows a schematic of the maximum stress, which is applied on the top of the specimen (σy), and the 
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angles between the maximum stress and fatigue crack initiation of each of these two regions. The region closer to 

the top is labeled region I, and the region on the left is labeled region II. The semi-ellipse region II shows that the 

crack propagated until approximately 187 µm before reaching the critical size to final rupture, and the crack in 

region I propagated to a depth of approximately 125 µm. A possible explanation for this difference between regions 

I and II of fatigue crack propagation could be due to lower stress in region II, compared to region I, allowing for a 

larger area of crack propagation before reaching the critical size for fracture. The maximum applied stress decreases 

moving away from the top surface. Region II is further from the region of maximum stress, as indicated by the angle 

θ. Multiple fatigue crack nucleation sites in immediate proximity to each other was only observed in this specimen. 

 

 

(a) 

 

(b) 

Figure 4. 8 Fractured SAE 8620 + Nb specimen with maximum applied stress of 825 MPa and failure with 
62,900 cycles showing (a) region of fatigue crack nucleation and propagation and (b) schematic of 
the maximum stress with respect to each region of crack initiation. 

 

Another study on fatigue in carbonitrided steels, by Kanchanomai and Limtrakarn [4], showed fatigue 

cracks that nucleated in the subsurface of the specimens (interface between the hardened case and the core) instead 

of the surface, which is different from this study where fatigue cracks nucleated on the surface similar to many 

studies of carburized fatigue specimens. The authors related that the fatigue cracks nucleated in the region of highest 

tensile stress, which was the region of the interface between the case and the core, at approximately 400 µm from 

the surface. The compressive residual stress on the surface was 900 MPa and the residual stress on the region of 

failure was 20 MPa, although tensile. According to the authors, the hardened case was mostly composed by 

martensite and retained austenite, and the core was composed by pearlite and ferrite. 

4.6 Characterization of Potential Factors Influencing Fatigue Strength 

It was shown in Figure 2. 14 that characteristics such as case grain size, surface residual stress, surface 

carbon content, intergranular oxidation, case depth, surface hardness, surface retained austenite and surface 

roughness are very relevant for fatigue performance in carburized steels. These characteristics are also likely 

important for fatigue performance in low pressure carbonitrided steels. Characteristics in the surface region, in the 
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range of 0 – 150 µm, were analyzed to better understand the impact of low pressure carbonitriding in the regions 

associated with fatigue crack nucleation and propagation. 

4.6.1 Average Prior Austenite Grain Size 

The average prior austenite grain size influences hardenability and also fatigue strength. For each alloy, the 

average prior austenite grain size was measured on the surface (from 0 to 100 µm), in the effective case depth (650 

to 750 µm), and in the core (>1200 µm). The results for the average and standard error of the grain sizes are 

presented in Figure 4. 9 and Table 4. 4 for each of the conditions evaluated. The base alloys SAE 8620 and 

20MnCr5 have larger average prior austenite grain sizes compared to the modified alloys. The prior austenite grain 

size was statistically similar for SAE 8620 on the surface and in the effective case depth (ECD); a similar trend was 

apparent for the 20MnCr5 condition. For both alloys, the average grain size is smaller in the core. For the 20MnCr5 

+ B alloy, the surface has a larger prior austenite grain size, and the grain size in the ECD and core is smaller and 

statistically similar. The average grain size in SAE 8620 + Nb is statistically similar along the whole depth. There is 

also a statistical difference in the average grain size among the alloys, especially between the base and the modified 

conditions; however, the difference in PAGS is only 3-4 μm across all of the conditions. This difference is more 

evident in the surface and ECD regions. The Nb additions in the SAE 8620 + Nb alloy were intended to promote 

Nb(C,N) precipitation during the heat treatment. These precipitates can pin the prior austenitic grain boundaries 

during heat treatment, reducing the average prior austenite grain size of the steel, as shown in the Figure 4. 9. This 

microalloying concept has been employed for PAGS refinement in previous high temperature carburizing studies 

[48,36,51]. The prior austenite grain size in the 20MnCr5 + B alloy is close to the prior austenite grain size of the 

SAE 8620 + Nb alloy, especially in the effective case depth and in the core regions, suggesting that the levels of 

aluminum, vanadium, boron and titanium in this alloy compared to the other alloys promote grain refinement 

through nitride precipitates.  

 

 

Figure 4. 9 Average and standard error values for prior austenite grain size of the steels after low pressure 
carbonitriding and pressurized gas quenching. 
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Table 4. 4 - Average prior austenite grain size on the surface, effective case depth, and core. 

Alloy Surface (0 – 100 µm) ECD (650 – 750 µm) Core ( > 1200 µm) 

20MnCr5 13.5 13.8 12.9 

20MnCr5 + B 12.5 11.8 12.1 

SAE 8620 14.4 14.4 13.8 

SAE 8620 + Nb 11.3 11.3 11.4 

 

4.6.2 Residual Stresses 

Surface residual stress is critical for fatigue performance. A high compressive residual stress on the surface 

of the steel alloys allows a higher maximum applied stress, since the effective stress on the specimen is the sum of 

the applied external stress and the residual stress [73]. The full residual stress profiles obtained through XRD for all 

the alloys are shown in Figure 4. 10 (a) and (b). The residual stresses shown are normal stresses acting in the 

longitudinal direction with respect to the Brugger specimen, i.e. normal to the fracture plane. The profile range is 

from the surface to 1 mm for all the alloys, and are very similar. Figure 4. 10 (a) shows the residual stress profiles of 

the 20MnCr5 and 20MnCr5 + B alloys, and Figure 4. 10 (b) shows the residual stress profile for the SAE 8620 and 

SAE 8620 + Nb alloys. The surface residual stress for all alloys is slightly tensile, becoming compressive at deeper 

layers. The maximum compressive residual stress range for all alloys varies between approximately 400 – 800 µm. 

The compressive residual stress has a small plateau region closer to the surface, and a second plateau with the 

highest compressive residual stress in the previous range specified. The presence of two plateaus in compressive 

residual stress is not generally observed in carburized specimens. This behavior could be a characteristic of both 

carbon and nitrogen diffusion in the case. Generally, carbon diffusion reaches deeper layers than nitrogen; therefore, 

the effect of nitrogen on residual stress may only be observed at shallower depths. Overall, the residual stress 

profiles are very similar for the four alloys, and there is not a clear correlation of residual stress with bending fatigue 

life in these conditions. 

 

 
(a) 

 
(b) 

Figure 4. 10 Residual stress profiles obtained through XRD for the alloys (a) 20MnCr5 and 20MnCr5 + B from 
surface to 1 mm, (b) SAE 8620 and SAE 8620 + Nb from surface to 1 mm. 
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The magnitude of the residual stresses measured in this work is low compared with the study by 

Kanchanomai and Limtrakarn [4], who obtained a compressive residual stress of 900 MPa on the surface of gas 

carbonitrided AISI 1015 steel samples. According to the authors, gas carbonitriding was performed at 870 °C for 

210 minutes, quenched in oil and tempered. 

It is expected that steels heat treated by carbonitriding or carburizing followed by quenching have 

compressive residual stresses on the surface because of the transformation from austenite to martensite first in the 

core and then on the surface due to the carbon content gradient. In contrast to what is expected for the residual stress 

distribution, these low pressure carbonitrided steel alloys have a small tensile residual stress on the surface, followed 

by a small compressive residual stress at deeper layers, as shown in the results obtained through XRD in Figure 4. 

11 (a) and (b), which highlight the data points near the regions of fatigue crack nucleation and growth. Even though 

there is a compressive residual stress near the surface, its magnitude in this critical region for fatigue performance is 

low compared to other surface hardening methods, including previous carburizing studies.  

 

 

(a) 

 

(b) 

Figure 4. 11 Residual stress measurements obtained through XRD for (a) 20MnCr5 and 20MnCr5 + B and (b) 
SAE 8620 and SAE 8620 + Nb. 

 
Tensile residual stress on the surface of carbonitrided and quenched steel alloys can occur for different 

reasons. One possibility is due to decarburization. Decarburization could increase the amount of martensite and 

reduce the amount of retained austenite on the surface (due to lower carbon content), as shown in Figure 4. 12 (a)-

(b), and also affect the residual stress with the associated increase in Ms temperature at the surface, as shown in 

Figure 4. 12 (c) [74].  
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(a) 

 
(b) 

 

 
(c) 

Figure 4. 12 Mild decarburization during gas carburizing of a steel. The variation of (a) carbon through the 
depth and (b) hardness through the depth due to variation of microstructure, and (c) comparison 
between different residual stresses with different levels of decarburization [74]. 

 

Another possibility for the tensile residual stress on the surface of the steel is due to lower cooling rates. 

Lower cooling rates can transform austenite into non-martensitic transformation products, at higher temperatures 

than the martensite start temperature on the surface of the steel [21]. This could cause the residual stress on the 

surface to become tensile instead of compressive, as desired. Ideally, quenching uses a medium with high heat 

transfer properties (specific heat capacity and thermal conductivity). As discussed in the Literature Review chapter, 

pressurized nitrogen does not have a high heat transfer coefficient compared to other quenching medium, especially 

at lower pressures as shown in Figure 2. 9. The low heat transfer properties in gaseous nitrogen could lead to lower 

cooling rates; however, this deficiency is compensated by increasing the pressure and flow during quenching. 

Several factors can affect the cooling rate when pressurized gases are being used for quenching such as size of the 

load, difference in the part size, position of the parts in the fixtures (vertical or horizontal), and whether quenching is 

performed in the hot chamber or in a specific quenching chamber. According to Liščić and Singer [23], the heat 

transfer coefficient for quenching a full load (without specifying the size of the load) and quenching only a single 

piece with pressurized nitrogen is equivalent to quenching the load in salt, or the single piece in oil, as discussed in 
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Figure 2. 10. Another issue with pressurized gas quenching is the time it takes to reach the desired pressure for 

quenching, which can range from 4 to 20 seconds. The lower cooling rate during pressurized gas quenching in this 

study perhaps contributed to more tensile residual stress on the surface of the alloys and the formation of NMTPs.  

4.6.3 Carbon, nitrogen and boron profiles 

Average carbon and nitrogen profiles were obtained using GDOES for all the carbonitrided alloys, as 

shown in Figure 4. 13 and Figure 4. 14, respectively. The average was obtained from three different measurements 

on the top and on the bottom of the specimens, and each point in both graphs represents data collected in a range of 

1 µm. There is significant noise and uncertainty in the data from the first 2 µm; therefore, this initial data was 

removed from the measurements.  

Importantly, there are no signs of decarburization in the 20MnCr5 + B, SAE 8620, and SAE 8620 + Nb. 

For the 20MnCr5, there is a very slight drop of carbon between 4 – 10 µm, but it is not significant relative to the 

overall carbon content. The amount of carbon in SAE 8620, in the range of 2 – 8 µm, is slightly higher than carbon 

content for the other alloys. Initially, it was thought that nickel could reduce carbon diffusivity in SAE 8620, as 

suggested by Karabelchtchikova [75]; however, the nickel content in SAE 8620 and SAE 8620 + Nb are very 

similar (0.47 and 0.42 wt pct, respectively), and the SAE 8620 + Nb alloy does not demonstrate similar behavior. 

Overall, it was not possible to detect Ni effects on diffusivity amongst these alloys. The carbon decay in SAE 8620 

+ Nb and 20MnCr5 + B is similar to each other and slightly slower than that for the base alloys, 20MnCr5 and SAE 

8620, which are also similar to each other. This similarity could be due to the presence of elements in the modified 

alloys that have a higher affinity with carbon, such as titanium, vanadium and niobium, but this behavior was not 

investigated. Overall, the carbon contents near the surface and overall carbon profiles are similar for all of the alloys. 

 

 

Figure 4. 13 Carbon profiles for 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb alloys after 
carbonitriding. 
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The nitrogen content is lower than expected for this treatment. The initial target for nitrogen content was 

0.2 wt pct for all the alloys; the nitrogen profile (in the range between 2 and 180 µm) is near 0.2 wt pct at the 

surface, and N stabilizes in each alloy at values between 0.11 to 0.15 wt pct nitrogen. Overall, the N content in the 

range measured by GDOES is more constant than carbon. In addition to increasing hardenability, soluble N in the 

steel increases the martensite and austenite lattice parameters. Nitrogen is also an austenite stabilizer and could 

contribute to higher compressive residual stress on the surface of the steel by lowering the Ms temperature. Also, 

because it is an austenite stabilizer, it should contribute to higher retained austenite volume fractions on the surface. 

The nitrogen profiles for the 20MnCr5, SAE 8620 and SAE 8620 + Nb alloys were very similar to each other. For 

the 20MnCr5 + B condition, the nitrogen content was slightly higher than for the other alloys through the whole 

range analyzed. Both 20MnCr5 and 20MnCr5 + B had higher nitrogen contents on the surface compared to the 8620 

alloys. One possibility for this higher nitrogen content could be due to the presence of elements with high affinity 

with nitrogen, especially boron, vanadium and titanium. SAE 8620 + Nb also has niobium, which has a high affinity 

for nitrogen. The higher aluminum content in the 20MnCr5 + B than in SAE 8620 + Nb could also allow for more 

nitride formation on the surface. Overall, it is possible that a significant part of the nitrogen content in this range 

analyzed through GDOES is in form of nitrides. 

 

 

Figure 4. 14 Nitrogen profile for 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb alloys after 
carbonitriding. 
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this abrupt decrease in the nitrogen content on the surface of the steel, but one possibility for this phenomenon is due 

to a higher number of carbonitrides/nitrides on the surface of the steel. 

The nitrogen content present on the steel alloys was below 0.2 wt pct. In a previous study by Dowling et al. 

[31], voids and pores did not occur in carbonitrided steels with a nitrogen content below 0.2 wt pct, independent of 

the volume pct of ammonia added during carbonitriding, as shown in Figure 4. 15 [79]. Excessive addition of 

ammonia or even the presence of water vapor can contribute to the formation of pores and voids in the subsurface, 

causing the parts to be unusable [18]. 

 

 

Figure 4. 15 Presence of voids for gas carbonitriding at three different heat treatment temperatures: 850, 925 
and 950 °C. The red line indicates the boundary between the region with voids and the region 
without voids; the nitrogen content on the surface (wt pct) is plotted as a function of the ammonia 
addition (vol pct). Modified from [79]. 

 

The boron profile was also measured through GDOES, and the profile is shown in Figure 4. 16. From the 

surface (2 µm) to 120 µm, boron content is overall constant and signs of deboronization were not observed in the 

range measured. Deboronization can occur at high temperatures, especially in gas carburizing or carbonitriding, due 

to oxidation [59]. Even though there is no water vapor or oxygen present in the furnace, the possibility of 

deboronization was considered due to the presence of nitrogen and hydrogen, caused by the ammonia dissociation. 

According to Cherubini [76], deboronization of steels due to the formation of diborane (B2H6) can occur in small 

quantities at temperatures higher than 840 °C. According to Llewellyn and Cook [56], a boron gradient was 

observed in a C-Mn-B steel after a carbonitriding process. However, there are no signs of a boron gradient in the 

range analyzed in the 20MnCr5 + B alloy. 
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Figure 4. 16 Boron profile for the 20MnCr5 + B alloy. 

 
The theoretical carbon and nitrogen profiles were calculated for all the alloys using the Equation 2.3 with 

the objective of understanding the approximate depth nitrogen and carbon would reach from the surface of the steel. 

For this calculation, the carbon and nitrogen contents on the surface were obtained through GDOES, and carbon and 

nitrogen contents in the core, obtained through Table 3.1. A general calculation was performed by considering the 

total time for acetylene and nitrogen injection as the time for carbon diffusion and the time for ammonia injection as 

the time for nitrogen diffusion, since ammonia was only injected by the end of the process. The time in seconds was 

obtained from Table 3.2. 

The carbon and nitrogen profiles are similar for all the alloys, as shown in Figure 4. 17, due to the 

similarity in carbon and nitrogen contents in the core and on the surface. However, the calculations do not consider 

the influence each element (carbon and nitrogen) has on each other and also the influence of other elements, due to 

differences in chemical composition of each alloy, on the diffusion of both carbon and nitrogen. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. 17 Carbon and nitrogen profile calculated for all the steel alloys. 

 

4.6.4 Low Pressure Carbonitrided Microstructures 

The retained austenite volume fraction profiles, from the surface to 100 µm depth, are shown in Figure 4. 

18 for the 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb alloys. Two or three measurements were made 

per alloy per depth, and all the retained austenite measurements are plotted on the graph for comparison. The 

retained austenite volume fraction on the surface of the steel alloys is lower than at deeper layers. One possible 

explanation is there is less restriction for the volume expansion associated with the martensitic transformation on the 

free surface of the alloys, thus promoting more transformation. Decarburization could be another possibility for low 

retained austenite volume fraction; however, GDOES analyses showed that decarburization did not occur during low 

pressure carbonitriding of these alloys. The values for retained austenite at deeper layers in all the alloys are close to 

each other. According to Bepari [10], niobium as a microalloying element in carburized steels could lower the 
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SAE 8620 + Nb compared to the other alloys, but the differences appear to be within the expected uncertainty of 

XRD measurements, as discussed in the ASTM E975-13 standard [77].  

 

 

Figure 4. 18 Retained Austenite Volume Fraction Profile in 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 
8620 + Nb, from the surface to 100 µm depth. 

 
The retained austenite volume fraction was also measured after fatigue on the surface of the 20MnCr5, 

20MnCr5 + B, SAE 8620 and SAE 8620 + Nb alloys as shown in Figure 4. 19 and Table 4. 5. For 20MnCr5 and 

20MnCr5 + B, the fatigue specimens were run outs with a maximum applied stress of 950 and 1025 MPa, 

respectively. The endurance limits, according to the Dixon and Mood calculation for these alloys are 957 and 973 

MPa, respectively. For the SAE 8620 and SAE 8620 + Nb, the fatigue specimens failed at 87,300 cycles at 875 MPa 

and 63,400 cycles at 900 MPa, respectively. The endurance limit for these alloys is 822 and 867 MPa, respectively. 

The retained austenite volume fraction after the fatigue tests did not show a considerable variation, for either 

maximum applied stress close to the endurance limit (run out) or above the endurance limit (failure).  

Table 4. 5 - Maximum Applied Stress, Endurance Limit, and Reduction of Retained Austenite Volume Fraction for 
the Carbonitrided Alloys. 

Alloys 
Maximum Applied 

Stress (MPa) 
Endurance 

Limit (MPa) 
Volume Fraction of Retained Austenite Before and 

After Fatigue 
20MnCr5 950 957 ~ 16 pct before fatigue → ~ 16 pct after fatigue 

20MnCr5 + B 1025 973 
~ 15.5 pct before fatigue → ~ 14.5 pct after 

fatigue 
SAE 8620 875 822 ~ 13 pct before fatigue → ~ 12 pct after fatigue 

SAE 8620 + Nb  900 867 ~ 12 pct before fatigue → ~ 11.5 pct after fatigue 
 

Sanders [78] compared the retained austenite volume fraction on the surface of the carburized specimens 

before and after the fatigue tests. The specimens were subjected to a maximum applied stress below the endurance 

limit and 107 fatigue cycles. The endurance limit of the “as carburized” condition was 1070 MPa, and the maximum 
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applied stress was 1035 MPa. The retained austenite volume fraction in this condition varied from approximately 28 

pct before the fatigue test to 23 pct after the fatigue test. The most comparable retained austenite test to Sanders, 

among all the conditions evaluated after fatigue in this study, was the 20MnCr5 + B, with a maximum applied stress 

of 1025 MPa. This fatigue test ran out, similar to Sanders’ test. The relative stability of the retained austenite in the 

carbonitrided conditions could be because of the contribution of nitrogen to stabilizing the retained austenite. Thus, 

the role of retained austenite and possible deformation induced transformation to martensite may be different in 

carburized and carbonitrided steels; however, a more in-depth investigation should be performed to affirm this 

hypothesis. 

  

 

Figure 4. 19 Surface retained austenite volume fraction of 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 
+ Nb before (in black) and after (in red) the fatigue tests. 

 

Micrographs in the effective case depth region (650 to 750 µm) were obtained for all four alloys. The 

effective case depth of all alloys is predominantly composed of lath martensite. In the effective case depth region of 

the 20MnCr5 alloy, shown in Figure 4. 20, some non-martensitic transformation products are also present, such as 

Widmanstätten ferrite, as indicated by the white arrows. Considering the hardenability values, it is unexpected to see 

non-martensitic transformation products at the effective case depth (at a range of 650 to 750 µm), since the ideal 

diameter should be 64.2 mm for 20MnCr5. However, the quenching rates in low pressure carbonitriding, which used 

pressurized nitrogen, are lower than the ideal medium assumed in the hardenability calculation. While the variation 

in pressure for nitrogen quenching achieved the desired surface hardness, effective case depth, and core hardness for 

all the alloys, it did not avoid the formation of NMTPs. 
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Figure 4. 20 Micrograph of carbonitrided 20MnCr5 in the effective case depth region (650 to 750 µm). 
 

The effective case depth region of the 20MnCr5 + B alloy, shown in Figure 4. 21, is fully martensitic, 

likely due to the effect of boron on increased hardenability. At this depth, it is likely that the carbon content is low 

enough to allow B to have a positive influence on hardenability. According to the hardenability calculations, the 

20MnCr5 + B alloy should not have non-martensitic transformation products throughout its cross section, since the 

ideal diameter is greater than 64.9 mm; however, it is possible to see some bainite in a martensitic matrix at depths 

of 1 to 1.2 mm from the surface of the specimen, as shown in Figure 4. 22. The presence of non-martensitic 

transformation products again suggests that the hardenability calculations should take into account the quenching 

rate achieved through gas quenching. The dark spots in the micrograph are MnS inclusions. 

 

 

Figure 4. 21 Micrograph of carbonitrided 20MnCr5 + B in the effective case depth region (650 to 750 µm). 
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Figure 4. 22 Micrograph of carbonitrided 20MnCr5 + B at a depth of 1 to 1.2 mm from the surface, in the core 
region. 

 

Micrographs in the effective case depth region for SAE 8620 and SAE 8620 + Nb are shown in Figure 4.23 

(a) and (b), respectively. In both micrographs, it is possible to see the presence of non-martensitic transformation 

products including Widmastätten ferrite and also some bainite in the martensitic matrix. Similarly to the 20MnCr5 

and 20MnCr5 + B alloys, the actual hardenability of the SAE 8620 and SAE 8620 + Nb is less than the ideal 

diameter for the quenching rates employed and is not compensated by the carbon and nitrogen additions during 

carbonitriding.  

 

 
(a) 

 
(b) 

Figure 4.23 Micrograph of carbonitrided (a) SAE 8620 in the effective case depth region (650 to 750 µm) and 
(b) SAE 8620 + Nb in the effective case depth region (650 to 750 µm). 
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Overall, the microstructure on the surface of all the alloys after low pressure carbonitriding and pressurized 

nitrogen quenching is plate martensite, possibly some lath martensite, and retained austenite, as shown in         

Figure 4. 24 for the SAE 8620 alloy. In Figure 4. 24, the martensite plates are the darker regions and the lighter 

regions indicate the presence of retained austenite.  

 

 

Figure 4. 24 Scanning electron micrograph of carbonitrided SAE 8620 in the surface region of a Brugger 
fatigue specimen. 

 
Non martensitic transformation products, mostly Widmanstätten ferrite, in a martensitic matrix were found 

to various extents in all the alloys, as shown in Figure 4. 25 (a)-(e). The frequency that NMTPs appeared was 

different among each alloy. The observation of NMTPs was significantly less frequent in the 20MnCr5 + B than the 

other conditions. The surface on 2 sides of the Brugger specimen cross-section was investigated (the surface was 

analyzed over approximately 9 mm), with a magnification of 1800 X (which gives a depth of approximately 65µm 

from the surface). On the other hand, several smaller NMTPs were found on the surface of SAE 8620 + Nb, and less 

area was necessary to find NMTPs. The presence of NMTPs on the surface of the steel supports the idea that the 

cooling rate for quenching was not sufficient to avoid these transformation products and might be associated with 

the low magnitude of residual stress on the surface. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Figure 4. 25 Secondary electron micrographs showing the presence of NMTPs and a martensitic matrix in (a) 
20MnCr5, (b) 20MnCr5 + B, (c) SAE 8620, (d) and (e) SAE 8620 + Nb. 

 

20MnCr5 20MnCr5 + B 

SAE 8620 SAE 8620 + Nb 

SAE 8620 + Nb 
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The hardenability after carbonitriding can be compared in all alloys through the TTT curves obtained 

through the J-Mat software, as shown Figure 4. 26. The complete details of each TTT curve are shown in Appendix 

E. Higher hardenability was obtained for the 20MnCr5 + B and 20MnCr5, as can be noticed with the TTT curves 

shifted to the right when compared with the SAE 8620 and SAE 8620 + Nb alloys. The relation between the volume 

fraction of non-martensitic transformation products with the hardenability was not evaluated; however, it is possible 

that a higher volume fraction of NMTP’s is present in the alloys with lower hardenability. In Figure 4. 26 the green 

and blue squares represent the initial transformation to pearlite and bainite, respectively. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 4. 26 TTT curve for the (a) 20MnCr5 alloy with carbon content of 0.73 wt pct, nitrogen content of 0.12 
wt pct, and average prior austenite grain size of 13.5 µm, (b) the 20MnCr5 + B alloy with carbon 
content of 0.72 wt pct, nitrogen content of 0.14 wt pct, and average prior austenite grain size of 
12.5 µm, (c) SAE 8620 alloy with carbon content of 0.72 wt pct, nitrogen content of 0.12 wt pct, 
and average prior austenite grain size of 14.5 µm, and (d) SAE 8620 + Nb alloy with carbon 
content of 0.70 wt pct, nitrogen content of 0.12 wt pct, and average prior austenite grain size of 11 
µm. 
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4.7 ThermoCalc Software Simulation 

ThermoCalc was used to obtain simulations of the phases and the elements present for each steel alloy at 

920 °C. The carbon and nitrogen contents used for the simulation of each alloy were obtained from GDOES. For the 

20MnCr5 alloy, the carbon and nitrogen contents were 0.73 and 0.12 wt pct, respectively. For the 20MnCr5 + B 

alloy, the carbon and nitrogen contents were 0.72 and 0.14 wt pct, respectively. For the SAE 8620 alloy, the carbon 

and nitrogen contents were 0.72 and 0.12 wt pct, respectively. For the SAE 8620 + Nb alloy, the carbon and 

nitrogen contents were 0.70 and 0.12 wt pct, respectively. According to the results from ThermoCalc, the carbon in 

solution in austenite is very similar for all the alloys, as shown in Table 4. 6. Nitrogen in solution is slightly higher 

in 20MnCr5 and 20MnCr5 + B than in SAE 8620 and SAE 8620 + Nb. Some important elements for hardenability, 

such as molybdenum and chromium, are present in solution in all four alloys. Phosphorus, which is critical for 

intergranular fracture, is practically entirely in solution for all alloys, according to ThermoCalc. For the 20MnCr5 

and 20MnCr5 + B alloys, there is more vanadium in solution in the 20MnCr5 + B alloy, and boron in solution is low 

in both steel alloys (0.1 ppm of boron in solution). 

Table 4. 6 - Elements in solution on the surface of each alloy in Fe-γ 

Element in 
solution in Fe-γ 

20MnCr5 20MnCr5 + B SAE 8620 SAE 8620 + Nb 

wt pct wt pct wt pct wt pct 

Carbon 0.725 0.709 0.72 0.697 

Boron 0.000003 0.000004 0.000002 0.000002 

Nitrogen 0.089 0.075 0.109 0.104 

Molybdenum 0.038 0.055 0.20 0.22 

Nickel 0.09 0.22 0.47 0.42 

Niobium 0.000005 0.000003 0.000065 0.00011 

Vanadium 0.0005 0.0017 - - 

Chromium 1.001 1.005 0.56 0.47 

Manganese 1.228 1.107 0.84 0.80 

Phosphorus 0.008 0.015 0.008 0.009 

 

ThermoCalc predictions for second phase particles present on the surface of each alloy are shown in Table 

4. 7 - 4. 10. Aluminum nitrides, boron nitrides and manganese sulfides are expected for all the alloys, as predicted in 

the simulations. The simulations also predicted boron nitrides phases for all the alloys. Microalloy precipitates are 

also present, as shown in Table 4. 7-4. 10.  

According to ThermoCalc, aluminum nitride AlN, chromium nitride CrN, and boron nitride BN 

precipitates are present in 20MnCr5 as shown in Table 4.7. For 20MnCr5 + B, aluminum nitrides AlN, chromium 

nitrides, and boron nitrides BN are also present, as shown in Table 4.8. Although chromium nitride is described as 

the main nitride form in these alloys, there are other relevant elements present in these precipitates as well. There is 

a difference by a factor of approximately 10 in titanium and vanadium contents between 20MnCr5 and 20MnCr5 + 

B. A larger presence of these nitrides predicted by ThermoCalc is possibly the reason for the smaller average grain 
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size of 20MnCr5 + B compared with 20MnCr5, as shown in Figure 4. 9. The weight fraction of CrN in 20MnCr5 is 

less than half compared with the CrN in 20MnCr5 + B. 

Table 4. 7 - ThermoCalc simulation for equilibrium phases and their composition in the 20MnCr5 alloy at 920 °C 
using the surface composition. 

Phases 
Weight Fraction 

(pct) 
Nitrogen Carbon Aluminum Vanadium Titanium 

AlN 0.035 0.012 - 0.023 - - 
BN 0.0016 0.0009 - - - - 
CrN 0.11 0.018 0.0049 - 0.0025 0.0005 
MnS 0.052 - - - - - 

 

Phases 
Weight 

Fraction (pct) 
Chromium Niobium Manganese Molybdenum Boron 

AlN 0.035 - - - - - 
BN 0.0016 - - - - 0.000697 
CrN 0.11 0.083 0.002 0.0004 0.0016 - 
MnS 0.052 0.00057 - 0.032 - - 

 

Table 4. 8 - ThermoCalc simulation for equilibrium phases and their composition in the 20MnCr5 + B alloy at     
920 °C using the surface composition. 

 Phases 
Weight Fraction 

(pct) 
Nitrogen Carbon Aluminum Vanadium Titanium 

AlN 0.05 0.017 - 0.033 - - 
BN 0.007 0.0039 - - - - 
CrN 0.27 0.044 0.01 - 0.024 0.0046 
MnS 0.068 - - - - - 

 

Phases 
Weight 

Fraction (pct) 
Chromium Niobium Manganese Molybdenum Boron 

AlN 0.05 - - - - - 
BN 0.007 - - - - 0.003 
CrN 0.27 0.17 0.003 0.0008 0.0047 - 
MnS 0.068 0.0008 - 0.042 - - 

 

ThermoCalc shows that aluminum nitrides are present in both SAE 8620 and SAE 8620 + Nb alloys, as 

shown in Table 4. 9 and Table 4. 10. Considering the prior austenite grain size of the alloys, shown in Figure 4. 9, 

the SAE 8620 alloy has the largest average grain size among all alloys, perhaps because of a lower volume fraction 

of niobium carbonitrides. For the SAE 8620 + Nb, most of the niobium added to the steel is also in the form of 

carbonitrides, likely contributing to its finer PAGS. 
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Table 4. 9 - ThermoCalc simulation for possible phases and their composition in the SAE 8620 alloy at 920 °C using 
the surface composition. 

Phases 
Weight Fraction 

(pct) 
Nitrogen Carbon Aluminum Niobium Titanium 

AlN 0.026 0.0088 - 0.017 - - 
BN 0.0009 0.0005     

Nb(C,N) 0.0086 0.0013 0.0003 - 0.0019 0.0005 
MnS 0.049 - - - - - 

 

Phases 
Weight 

Fraction (pct) 
Chromium Molybdenum Manganese Boron 

AlN 0.026 -  - - 
BN 0.0009 -  - 0.000398 

Nb(C,N) 0.0086 0.0042 0.00038 - - 
MnS 0.049 0.00044 - 0.030 - 

 

Table 4. 10 - ThermoCalc simulation for possible phases and their composition in the SAE 8620 + Nb alloy at 920 
°C using the surface composition. 

Phases 
Weight Fraction 

(pct) 
Nitrogen Carbon Aluminum Niobium Titanium 

AlN 0.018 0.0062 - 0.012 - - 
BN 0.0007 0.0004 - - - - 

Nb(C,N) 0.075 0.0097 0.0026 - 0.0329 0.0007 
MnS 0.054 - - - - - 

 

Phases 
Weight 

Fraction (pct) 
Chromium Molybdenum Manganese Boron 

AlN 0.018 -  - - 
BN 0.0007 -  - 0.000298 

Nb(C,N) 0.075 0.0269 0.0019 0.0001 - 
MnS 0.054 0.00045 - 0.034 - 

 

4.8 Precipitates and Second Phases Present in the Alloys 

Micrographs and energy-dispersive X-ray spectroscopy (EDS) analysis were obtained for the SAE 8620 + 

Nb alloy after carbonitriding, as shown in Figure 4. 27 (a) and (b). The micrographs and EDS spectrum for the SAE 

8620 + Nb were obtained at a depth of 25 µm from the surface. Precipitates and possibly some inclusions were 

present in the surface of the alloy, including a niobium-based precipitate, as shown in Figure 4. 27 (a) and (b), 

indicated by EDS to be a niobium-based phase, shown in Figure 4. 27 (c). Lighter elements, such as nitrogen and 

carbon, cannot be detected by this technique, but the particle in Figure 4. 27 (b) is likely a niobium carbonitride. 

Figure 4. 27 (a) also shows the presence of several white spots similar to the one analyzed by EDS. The observation 

of particles of this size indicates that at least some of these precipitates produced during thermomechanical 

processing and heat treatment are too large to be effective at grain pinning. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 4. 27 Niobium-based secondary phase in the SAE 8620 + Nb alloy after carbonitriding, at 25 µm from 
the surface indicating (white arrow) (a) a niobium-based phase at lower magnification (b) same 
niobium-based phase at higher magnification, and (c) the EDS spectrum of the particle indicating 
the presence of niobium. Note, the EDS spectrum is shifted slightly with respect to the precipitate 
location. 

 

STEM images that were obtained from lift outs on the surface of the 20MnCr5 + B are shown in Figure 4. 

28 (a)-(e) and Figure 4. 29 (a)-(e). Figure 4. 28 (a) shows a lift out with martensitic features, and Figure 4. 28 (b) 

shows a higher magnification micrograph from the specimen. Energy-dispersive X-ray spectroscopy was performed 

on these samples, and the results indicate the precipitates are vanadium and aluminum nitrides.  
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(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
(e) 

Figure 4. 28 STEM images and EDS maps obtained from (a) lift out of the 20MnCr5 + B surface showing (b) 
precipitates present and the presence of (c) aluminum, (d) nitrogen, and (e) vanadium. 

 

From Figure 4. 29, titanium nitrides and vanadium nitrides were found in a second lift out also from the 

20MnCr5 + B in the surface region. Boron nitrides, predicted by ThermoCalc to be present, or M23(B,C)6 

precipitates were not found in these lift outs, but they could be very fine and not possible to be detected.  
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(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
(e) 

Figure 4. 29 STEM images and EDS obtained from (a) lift out of the 20MnCr5 + B surface showing (b) 
precipitates present and the presence of (c) titanium, (d) nitrogen and (e) vanadium. 

 

4.9 Nano-SIMS on 20MnCr5 + B 

Boron is one of the most difficult elements to trace, and nano-SIMS is one of the few techniques possible 

for this purpose. Nano-SIMS analysis was obtained in two distinct regions of a 20MnCr5 + B sample, obtained from 

the cross-section of a Brugger specimen. The first region analyzed was the center of the specimen, where carbon and 

nitrogen contents are low. For the analysis, chromium and manganese were used to normalize the other elements 

because of their higher concentration through the specimen, and relative uniformity as well. Therefore, it is possible 

to measure the relative concentration of specific elements in different regions of the specimen based on the ratio of 

the element with chromium or manganese. 

Five maps with an area of 50 µm X 50 µm were generated with a 55-minute scan, as shown in Figure 4. 31 

(a)-(e). Boron, carbon, titanium, chromium and manganese are shown in Figure 4. 31 (a)-(e), respectively. The 
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variation in colors indicate the intensity of each element in the map. Dark purple/blue colors indicate that the 

analyzed element is not present. As the colors change to brighter colors such as blue, light purple, red, orange, 

yellow and white, the intensity of the element is higher, as shown in Figure 4. 30. The maps with their respective 

scale bars, with the counts per second are shown in the Appendix. 

Boron and carbon are both segregated in a localized region and overlap each other in this map. Boron 

carbides, especially M23(B,C)6 and Fe3(B,C), are common in steels if the nitrogen content is low. The temperature 

range for the formation of the M23(B,C)6 boron carbides is between 600 – 950 °C. The substitutional element that 

composes the M23(B,C)6 is generally Fe; however, Cr, Mo and even Nb may also be incorporated into the 

precipitates [59]. Chromium is at a lower concentration in the same region as C and B in Figure 4. 31 (d); therefore, 

it is possible that these carbides are mostly composed of Fe. Boron and carbon signals from the rest of the area in 

these maps are not resolved because of the short time exposure. Titanium segregation is also noticeable, and the 

shape of the segregation in the map indicates that it is possible that titanium forms precipitates. It is possible that 

titanium based precipitates are present on the grain boundaries. Chromium and manganese are well distributed in the 

map, although there are some regions on the map that seem to have some segregation. Manganese can segregate to 

MnS inclusions, and chromium can segregate to the grain boundaries [80]. 

 

 

Figure 4. 30 Scale bar obtained from nano-SIMS correlating the colors of the maps with the intensity of the 
elements analyzed. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Figure 4. 31 Nano-SIMS maps in the central region of the 20MnCr5 + B sample of (a) boron, (b) carbon, (c) 
titanium, (d) chromium and (e) manganese showing boron and carbon segregation and the possible 
formation of boron carbides and also titanium segregation, indicating possible titanium 
precipitates. 
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A second map in a different region of the center of the sample was obtained with total exposure of 

approximately 11 hours. The area of this second analysis is also 50 µm X 50 µm. Maps for boron, carbon and 

titanium were obtained, as shown in Figure 4. 32 (a)-(c), respectively. The manganese and chromium distributions 

are very similar to that shown in Figure 4. 31. In the boron map, Figure 4. 32 (a), boron segregation can be observed 

(white arrows) and there are also regions where boron is distributed more uniformly. It is possible that this 

segregation occurs on the grain boundaries. In steels with lower carbon and nitrogen, it is expected that boron 

segregates to the grain boundaries. The more uniform regions of boron, with lower density of blue spots, can be 

interpreted to possibly be B in solution. The carbon map, Figure 4. 32 (b), shows that carbon is uniformly distributed 

through the region analyzed. Titanium is interpreted to be mostly in form of precipitates, as expected. 

Since boron is a hard element to map, it is necessary to lower the current and increase the time of exposure. 

This procedure makes the appearance of the local concentrations appear larger than they really are. The titanium 

precipitate on the top right of Figure 4. 32 (b), for example, has a length of approximately 4 µm in the map; 

however, this precipitate in reality is smaller than 4 µm. It is relevant to emphasize that larger titanium-based 

precipitates were not observed in the SEM or TEM analysis. Large titanium precipitates are detrimental to the 

fracture performance of steels, though finer titanium precipitates contribute to refining the prior austenite grain size. 

Another important element is vanadium for pinning the grain boundaries. Unfortunately, it is hard to map vanadium 

through Nano-SIMS, because vanadium is hard to ionize; therefore, much longer periods of time are necessary to 

obtain vanadium maps. The prior austenite grain size in the 20MnCr5 + B alloy is smaller than the prior austenite 

grain size in the 20MnCr5 alloy, indicating that fine precipitates on the grain boundary contribute to grain 

refinement. These fine precipitates pinning the grain boundaries could be the titanium-based precipitates as 

observed, and they could also be vanadium-based precipitates. 
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(a) 

 
(b) 

 

 
(c) 

Figure 4. 32 Nano-SIMS maps in the central region of the 20MnCr5 + B sample of (a) boron, (b) carbon, and 
(c) titanium after 11 hours of exposition. 

 
The same region of the maps shown in Figure 4. 32 was used to obtain smaller maps with better details, as 

shown in Figure 4. 34 (a)-(c) for boron, nitrogen, and titanium. The area of the smaller maps is 20 µm X 20 µm, as 

indicated with the white square in Figure 4. 33. Nitrogen is not an easy element to trace, since it does not get ionized 

like the other elements. Therefore, it is possible to have some interference from carbon in the nitrogen map. It is 

possible to remove this interference; however, doing so would also interfere with the boron analysis, making it even 

harder to analyze. It is possible to observe that nitrogen is not uniformly distributed like carbon. There are some 

regions of possible nitrogen segregation. Titanium segregation is also very evident on the map of Figure 4. 34 (c), 

and it is possible that part of segregation is present on the grain boundaries. 
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Figure 4. 33 Boron map showing smaller region in the white square to be mapped for more details. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4. 34 Nano-SIMS maps in the central region of the 20MnCr5 + B sample of (a) boron, (b) nitrogen, (c) 
titanium (d) chromium and (e) manganese after 11 hours of exposition. Segregation of boron, 
nitrogen and titanium are shown. Boron and nitrogen in solution are also shown. 
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An analysis on the edge of the specimen, at approximately 380 µm from the surface, was made in the case 

region, as shown in Figure 4. 35. This analysis was performed for 4 hours and maps for boron, titanium, chromium 

and manganese were obtained as shown in Figure 4. 35 (a)-(d), respectively. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

Figure 4. 35 Nano-SIMS maps on the edge of the 20MnCr5 + B sample for (a) boron, (b) titanium, (c) 
chromium and (d) manganese after 4 hours of exposure. 

 
The area obtained for these maps is 50 µm by 50 µm as well. Boron segregation such as the one detected in 

the core, did not occur in the edge. Boron behaves differently in the hardened case with higher carbon and nitrogen 

contents, as it seems to be more uniformly distributed. The carbon and nitrogen content in this region is higher than 

that of the center of the specimen, and apparently the carbonitriding heat treatment changes the boron distribution, 

though there is still some boron segregation apparent, as shown in Figure 4. 35 (a). The boron segregation could be 

present on prior austenite grain boundaries, although this cannot be confirmed through these nano-SIMS analyses. 

Titanium appears to be present in titanium-based precipitates, similar to the core region. The chromium and 

manganese maps are very similar, and both maps show a region of higher concentration. This bright region could 

indicate segregation of both elements, but it can also be due to technique issues, such as localized charging for 
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example. Indications of chromium-based particles are not clearly seen in chromium map. The formation of 

chromium nitrides, due to low pressure carbonitriding, is possible. 

Chromium has a relatively uniform distribution through the specimen. The ratio between boron and 

chromium at the center of the specimen is approximately 2.14 x 10-1, and the ratio between boron and chromium at 

the edge of the specimen is approximately 1.74 x 10-4. The area analyzed for both regions is 50 µm by 50 µm, as 

previously mentioned. There is no evidence from the GDOES analysis that boron content varies through the depth, 

at least in the range analyzed. This variation in the boron ratio could be due to random variation in the areas 

analyzed, but it could also indicate a boron gradient through the depth, even though this possibility seems unlikely. 

4.10  Discussion 

The endurance limit was highest in the 20MnCr5 + B alloy followed by the 20MnCr5, SAE 8620 + Nb and 

SAE 8620 alloys, with a considerable difference between the 20MnCr5 alloys and SAE 8620 alloys. However, these 

alloys were comparable in almost all relevant characteristics for the fatigue performance. The hardness profile, 

residual stress profile, retained austenite profile, carbon profile and nitrogen profile were very similar to each other 

between the low pressure carbonitrided alloys. Although the hardness profiles are similar among the alloys, the 

hardness in SAE 8620, in the range between 20 – 120 µm, was lower than hardness in the other alloys, which were 

statistically similar. Although the difference is relatively small, this variation in hardness in the SAE 8620 could 

have contributed to its lower fatigue performance. The difference between endurance limits of SAE 8620 and 

20MnCr5 was approximately 135 MPa.  

 There are two main differences among these alloys, which are the average prior austenite grain size, 

especially between the modified alloys with respect to their base alloys, and the chemical composition, especially 

between the 20MnCr5 alloys and SAE 8620 alloys. The prior austenite grain size in the 20MnCr5 + B was smaller 

compared with the 20MnCr5, and the average grain size in the SAE 8620 + Nb was smaller compared with the SAE 

8620; the SAE 8620 + Nb had the smallest average prior austenite grain size and the SAE 8620 had the largest prior 

austenite grain size among all the alloys. This difference in the average prior austenite grain size was one of the most 

relevant differences with respect to fatigue performance between the modified and the base alloys. 

The chemical composition affected the hardenability, including the gas pressure necessary to achieve the 

target case depth, and also potentially the degree grain boundary cohesion and embrittlement. Some elements tend to 

segregate to the austenite grain boundaries, such as phosphorus, boron, carbon, nitrogen, niobium, chromium, 

manganese, and nickel. From this shortlist, phosphorus is more likely to segregate to the grain boundaries, and 

nickel is less likely [21,45]. Some of these elements contribute to grain boundary cohesion, and others contribute to 

grain boundary embrittlement. The influence of each element on grain boundary cohesion or embrittlement depends 

on the quantity of this element in each alloy and also the amount of segregation to the grain boundaries. The 

enthalpy of sublimation as a function of the atom size is shown in Figure 4. 36 [81]. In general terms, the enthalpy of 

sublimation is related to the energy necessary to transform a mole of a solid, at constant pressure, into gas without 

having this solid being transformed into liquid during the process. Therefore, it can be interpreted as the energy 

necessary to break the bond between the atoms or molecules. In this study, Seah [81] evaluated the influence each 
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element has on the enthalpy of sublimation, using the bond strength of iron atoms as a reference. According to Seah 

[81], the elements above line (I) contribute to increase cohesion of iron, and those that are below line (I) contribute 

to increase embrittlement of iron. The elements more distant from line (I) have a bigger impact on enthalpy of 

sublimation. Carbon, boron and nitrogen, in this order, are the elements that contribute the most to grain boundary 

cohesion. Carbon, nitrogen and boron also have a good propensity to segregate to grain boundaries because of their 

size, since they are interstitial atoms. Molybdenum and niobium have a lower impact on the enthalpy of sublimation, 

followed by vanadium and nickel, although they still contribute with grain boundary cohesion. Elements that lie 

close to line (I), such as chromium, could contribute to either cohesion or embrittlement. According to Seah [81], 

chromium causes grain boundary embrittlement. In contrast, Yang et al. [80] concluded that chromium contributes 

to cohesion. Phosphorus contributes strongly to embrittlement, and segregates to grain boundaries as well. 

Phosphorus has previously been interpreted to be the main cause for intergranular fatigue crack nucleation of low 

pressure carburizing heat treatments [71,36]. Other detrimental elements are aluminum, manganese, copper and 

titanium. 

Carbon should make a similar contribution to grain boundary cohesion for all the alloys as the carbon 

content on the surface is very similar among the alloys. Nitrogen was slightly higher on the surface of 20MnCr5 and 

20MnCr5 + B than in the other alloys, although it remained higher through the analyzed range only in 20MnCr5 + 

B. This slight variation of nitrogen could have contributed to some improvement in grain boundary cohesion of both 

alloys. A larger content of boron is present in 20MnCr5 and 20MnCr5 + B, which could make a larger contribution 

to grain boundary cohesion in the 20MnCr5 alloys compared with the SAE 8620 alloys, and perhaps contribute to 

better fatigue performance. Boron segregation could have occurred on the grain boundaries of the 20MnCr5 + B in 

the core of the specimen, as suggested by nano-SIMS, and possibly in the 20MnCr5 as well. However, the amount 

of boron in the 20MnCr5 alloy is only slightly higher than the SAE 8620 and SAE 8620 + Nb alloys. ThermoCalc 

software also showed that the amount of boron in solution in austenite among the alloys is similar. Despite the 

differences in boron content between 20MnCr5 and 20MnCr5 + B, the endurance limits were comparable between 

these alloys. Even though the possible degree of boron segregation in the case is less than the core based on the 

nano-SIMS analysis, it is also possible that some boron segregation occurred on the grain boundaries of both 

20MnCr5 and 20MnCr5 + B, contributing to grain boundary cohesion in these alloys. Additional evidence of 

possible segregation of boron to grain boundaries is that in some of the 20MnCr5 + B specimens, crack nucleation 

sites with intergranular features are not as apparent, which could be indicative of higher grain boundary energy. 

Boron, when segregated to the grain boundaries of the steel alloys, is also able to lower the segregation of 

phosphorus in the same region [71]. The boron segregation in this case, contributes toincreasing the endurance limit, 

since a higher stress would be necessary for fatigue crack nucleation. 

The molybdenum and nickel contents, which also increase grain boundary cohesion, are higher in the SAE 

8620 alloys than in the 20MnCr5 alloys. The niobium content is similar in 20MnCr5, 20MnCr5 + B, and SAE 8620, 

and higher in SAE 8620 + Nb. The addition of niobium and some reduction in the aluminum content, was the main 

difference between the SAE 8620 + Nb and the SAE 8620 alloys. Niobium was added to the steel to refine the prior 

austenite grain size and to partially replace the aluminum content, reducing aluminum oxide inclusions. The higher 
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fatigue strength of the Nb containing alloy could indicate beneficial effects of prior austenite grain size refinement, 

as well as some benefit from grain boundary cohesion caused by a possible niobium segregation to grain boundaries. 

Vanadium may also improve grain boundary cohesion in the 20MnCr5 and 20MnCr5+B alloys, although its 

capacity contributing with it is low because of its proximity to line (I). 

Among the elements that cause grain boundary embrittlement, phosphorus is the element with the highest 

impact. Phosphorus may have a similar embrittlement effect in 20MnCr5, SAE 8620 and SAE 8620 + Nb; however, 

it could have a higher influence in grain boundary embrittlement in the 20MnCr5 + B alloy because of its higher 

content. Manganese content, which also has a detrimental effect, is higher in 20MnCr5 and 20MnCr5 + B. 

 

 

Figure 4. 36 Enthalpy of sublimation as a function of the atom size. This graph shows the elements that 
contribute to grain boundary cohesion and the elements that contribute to grain boundary 
embrittlement. Modified from [81]. 

 
The low cooling rate from the pressurized quenching process induced some of the austenite, present during 

the low pressure carbonitriding treatment, to transform into non-martensitic transformation products. The difference 

in hardenability between the 20MnCr5 alloys and SAE 8620 alloys possibly had some influence on the population of 

non-martensitic transformation products on the surface of the alloys. Non-martensitic transformation products are 

undesired in the surface hardened case region [31], since these transformation products can be associated with a 

lower compressive residual stress or even tensile residual stress on the surface. The impact of any differences in the 

amount of non-martensitic transformation products is unclear, though, because the residual stress profile was very 

similar for all the alloys and the fatigue crack nucleation sites were intergranular along prior austenite grain 

boundaries.  
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Nano-SIMS is one of the few techniques capable of tracing boron in the steel. Through nano-SIMS, it was 

possible to see the difference in boron behavior in a region of low carbon and low nitrogen (core), and also in a 

region of high carbon and high nitrogen (edge) in the 20MnCr5 + B alloy. In the core, boron segregated to the grain 

boundaries, as expected in a low carbon low nitrogen steel. There was also the presence of titanium-based 

precipitates. Nitrogen and carbon were more uniformly distributed. Near the surface, boron was distributed in a 

different way than in the core. These results suggest that the carbonitriding process changed the boron distribution in 

the steels, although there still is some boron segregation. Nano-SIMS also showed a difference in the ratio between 

B/Mn and B/Cr from the core to the surface. According to nano-SIMS, the boron content is higher in the core than 

on the surface. However, the reasons for this variation are unknown and could be investigated in future works. 

4.10.1 Carburizing and Carbonitriding Differences 

A comparison of the endurance limit results obtained in this work was made with different carburizing 

investigations that used similar Brugger specimens for bending fatigue tests. One study evaluated was by Thompson 

[36], who worked with SAE 8620 steel alloys modified with Nb additions, similar to this work. For Thompson’s 

work, different niobium contents were added to the steel alloys: 0.02, 0.06 and 0.1 wt pct. Thompson’s specimens 

were low pressure carburized at 1050 °C for approximately 54 minutes and oil quenched. The carbon content on the 

surface of the low pressure carburized specimens was approximately 0.8 wt pct. The case depth defined by 550 HV 

hardness was 850 µm for the 0.1Nb, 650 µm for the 0.06Nb, and 800 µm for the 0.02Nb. Another study evaluated 

was by Sanders [78] who performed a study on gas carburized SAE 4320 Brugger specimens. The specimens were 

gas carburized at 930 °C for approximately 318 minutes and oil quenched. The case depth defined by 550 HV 

hardness was approximately 900 µm. Sanders did not measure the average carbon content on the surface of the 

specimens. A final study was by Hyde [71] who worked with gas carburized SAE 4320 Brugger specimens with 

different phosphorus contents: 0.005, 0.017 and 0.031 wt pct, and SAE 4320 with addition of boron and a small 

addition of titanium, with 0.017 wt pct phosphorus for comparison. The amount of boron and titanium in this gas 

carburized SAE 4320 alloy were 0.0016 and 0.002 wt pct, respectively. Gas carburizing was performed at 930 °C 

for 270 minutes, and the temperature was lowered to 850 °C for 30 minutes before the specimens were oil quenched. 

The case depth defined by 550 HV hardness was approximately 950 µm for the alloys without boron and 

approximately 850 µm for the alloys with boron. The carbon content on the surface of the gas carburized specimens 

was approximately 0.9 wt pct for the alloys without boron and approximately 0.83 for the alloys with boron 

addition. The specimens in all of these studies were also tempered at approximately 180 °C.  

These studies were chosen to be compared with the current study due to comparable parameters among the 

heat treatments, such as temperature for carburizing, effective case depth and surface hardness. Also, Hyde and 

Sanders, were chosen because the authors presented residual stress and retained austenite profiles for the gas 

carburized case. Hyde [71] also evaluated the influence of boron in the gas carburized SAE 4320 steel alloy, which 

can be compared with the 20MnCr5 + B in the current study. Sanders [78] analyzed the gas carburized SAE 4320 

specimens before and after the fatigue tests, with the objective of understanding the behavior of the retained 

austenite. This comparison is also relevant to see if there is any influence from nitrogen in retained austenite after 
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the fatigue tests. Thompson’s work [36] allowed the comparison of low pressure carburized SAE 8620 with addition 

of niobium specimens with the SAE 8620 + Nb low pressure carbonitrided condition in this study. 

Retained austenite volume fractions for the low pressure carbonitrided, gas carburized, and low pressure 

carburized specimens are shown in Figure 4. 37. The retained austenite volume fraction was higher for the 

carburized steels than for the low pressure carbonitrided steels on the surface. Sanders and Hyde obtained retained 

austenite profiles for the gas carburized specimens, while Thompson only obtained the surface measurements for 

retained austenite in the low pressure carburized samples. Typically, retained austenite measurements are made after 

chemically polishing the surface of the steel. However, the authors did not specify how the sample preparation was 

performed, and it was assumed that these values were obtained from the 0 µm depth for comparison. Hyde had the 

highest retained austenite volume fraction with the SAE 4320 with boron addition. Sanders had the second highest 

retained austenite volume fraction, followed by Hyde’s gas carburized sample with 0.005 wt pct P, Thompson’s 

samples, Hyde’s gas carburized sample with 0.017 wt pct P, and finally the low pressure carbonitrided samples. 

According to Hyde [71], the addition of boron contributes to lowering the Ms temperature and is the probable cause 

for a higher retained austenite volume fraction in the gas carburized SAE 4320 with boron addition. Interestingly, 

the addition of nitrogen in the carbonitrided specimens did not increase the retained austenite volume fraction 

relative to these carburized conditions, even though the Ms temperature is also expected to be lowered.  

 

 

Figure 4. 37 Retained austenite volume fraction for the gas carburized samples from Sanders’ and Hyde’s 
investigations, low pressure carburized sample from Thompson’s work and the low pressure 
carbonitrided samples 20MnCr5, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb. 

 

The surface hardness for Sanders’ and Hyde’s gas carburized specimens, Thompson’s low pressure 

carburized specimens, and the low pressure carbonitrided specimens are shown in Figure 4. 38. The indentation load 
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for all carburized specimens (gas carburizing and low pressure carburizing) was 500 gf, and 1 kgf for the low 

pressure carbonitrided alloys. Therefore, it is possible that the hardness for the low pressure carbonitrided specimens 

is lower than it would be if measurements were obtained with 500 gf instead. Overall, the surface hardness of the 

low pressure carbonitrided alloys is higher than surface hardness on the carburized alloys, except for the SAE 4320 

with boron addition from Hyde’s work, and the 0.1Nb specimen from Thompson’s work. It would be expected that 

high retained austenite volume fraction in the SAE 4320 with boron addition, and the similar carbon content of the 

SAE 4320 with boron addition and the low pressure carbonitrided specimens would result in a considerably lower 

surface hardness in the SAE 4320 alloy; however, the hardness was higher. According to Hyde [71], part of the 

retained austenite on the specimen transformed into martensite during the hardness test, explaining the higher 

hardness on this alloy compared with the other alloys from the same author. The surface hardness of the low 

pressure carbonitrided specimens and the 0.1Nb condition from Thompson was approximately the same as. Possibly, 

the lower surface hardness of some of the carburized specimens is related to the higher retained austenite volume 

fraction on the surface. 

 

 

Figure 4. 38 Surface hardness for the low pressure carbonitrided 20MnCr5, 20MnCr5 + B, SAE 8620, SAE 
8620 + Nb, low pressure carburized conditions from Thompson’s work and gas carburized 
conditions from Hyde’s and Sanders’ works. 

 
Similar to the residual stress from Kanchanomai and Limtrakarn [4], as discussed previously, the residual 

stresses were also compressive on the surface for the gas carburized alloys studied by Hyde [71] and Sanders [78], 

as shown in Figure 4. 39. Hyde’s results showed higher compressive residual stress for conditions with both 0.005 

and 0.017 wt pct P. The differences in residual stress in Hyde’s work were interpreted to occur because of the 

variation of retained austenite in the alloys. Hyde observed that the volume fraction of retained austenite is inversely 
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proportional to the phosphorus content. The alloy with boron addition also had a high retained austenite volume 

fraction, and its residual stress was less compressive than the other alloys without boron. Sanders obtained two 

different residual stress analyses for gas carburized Brugger specimens. One analysis was performed at Timken, and 

the surface residual stress was approximately zero. At deeper layers, the residual stress became compressive, and 

became tensile again at depths greater than 200 µm. Another gas carburized specimen from Sanders’ work was 

analyzed at Caterpillar, and for this second specimen, the compressive surface residual stress was approximately 165 

MPa; it became less compressive after 50 µm, but it remained in the compressive range at least up to 250 µm. 

Residual stresses for the oil quenched specimens were compressive, even though one of Sanders’ specimen had 

“zero” MPa residual stress on the surface. As previously discussed, the low cooling rate during pressurized nitrogen 

quenching likely affected the residual stress of the low pressure carbonitrided specimens, and consequently the 

fatigue performance. 

 

 

Figure 4. 39 Residual stress profile for gas carburized Brugger specimens and the low pressure carbonitrided 
specimens in this study. 

 
 For Thompson’s work, larger prior austenite grains (compared with the other studies) were present in all 

specimens, likely due to the high carburizing temperature. The prior austenite grain size was certainly an important 

factor in Thompson’s study. The specimen with the highest Nb content (0.1 wt pct Nb) had the smallest prior 

austenite grain size (20 µm), though this grain size is still larger than the average prior austenite grain size in this 

study. The same alloy had the highest endurance limit (965 MPa), slightly higher than the highest endurance limit of 

this study (957 MPa for 20MnCr5 + B, through Dixon and Mood calculation). The SAE 8620 + Nb, with addition of 

0.033 wt pct Nb had a smaller prior austenite grain size than all three specimens from Thompson’s work. The 

endurance limit of the SAE 8620 + Nb was higher than the endurance limit of the 0.06Nb and 0.02Nb conditions. 
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Hyde’s work showed that the alloys the alloy with the highest phosphorus content had similar endurance limit to the 

SAE 8620 + Nb. The alloy with boron addition had the highest endurance limit. According to Hyde, boron 

contributed to improve the grain boundary cohesion in this alloy. By lowering phosphorus, the endurance limit also 

increased to values higher than those obtained in this work. Phosphorus has an important role in fatigue performance 

of the steel alloys, and according to Hyde becomes more detrimental at contents higher than 0.017 and as the 

average grain size increases. Finally, the endurance limit of Sanders’ work was also compared with the endurance 

limit for this work. Overall, Sanders’ specimens had a smaller average grain size and larger endurance limit than 

those obtained from the low pressure carbonitriding treatments. The relation between average grain size and 

endurance limit for the gas carburizing, low pressure carburizing and low pressure carbonitriding is shown in Figure 

4. 40. 

 

 

Figure 4. 40 Endurance limit in Brugger fatigue specimens as a function of grain size for specimens that were 
gas carburized and oil quenched, low pressure carburized and oil quenched, and low pressure 
carbonitrided and pressurized gas quenched.
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CHAPTER 5 SUMMARY AND CONCLUSIONS 

 

In this study, the influence of unprotected boron in low pressure carbonitrided and gas quenched 20MnCr5 

+ B was evaluated by comparing the microstructure and fatigue performance with the low pressure carbonitrided 

20MnCr5. Similarly, the influence of Nb microalloying in SAE 8620 was analyzed by comparing low pressure 

carbonitrided 8620 steel with and without Nb additions. The effective case depth and surface hardness were 

comparable for all the alloys after low pressure carbonitriding and gas quenching. The carbon profile, nitrogen 

profile, retained austenite profile, residual stress profile, hardness profile, and retained austenite stability were also 

comparable for the four heat treated alloys. Therefore, other characteristics were important for the fatigue 

performance of these alloys, taking into account that the endurance limit was higher for the 20MnCr5 + B, followed 

by 20MnCr5, SAE 8620 + Nb, and SAE 8620.  

The main differences between these alloys are the chemical composition and the prior austenite grain size. 

Higher amounts of boron are present in 20MnCr5 and 20MnCr5 + B and could contribute to increased grain 

boundary cohesion of the 20MnCr5 alloys compared to the SAE 8620 alloys, and perhaps contribute to better 

fatigue performance. It is not completely clear that boron segregation occurs to the grain boundaries in the hardened 

case region. Overall, the mechanism of bending fatigue crack nucleation in low pressure carbonitrided specimens is 

intergranular in nature, which is similar to carburized heat treated specimens. 

The conclusions with respect to the research questions proposed in Chapter 1 are the following:  

• How does the unprotected B alloy strategy in the 20MnCr5 + B alloy steel influence microstructure and the 

corresponding fatigue performance in comparison with the 20MnCr5 alloy when low pressure carbonitriding is 

performed? 

Despite the small difference in chemical composition, including the boron content between the 20MnCr5 + 

B and 20MnCr5 alloys, their endurance limit was comparable. It is possible that some boron segregation in the 

hardened case occurred. Boron segregation occurred in the core, and it is possible that this segregation occurred on 

the grain boundaries, as expected in a low carbon, low nitrogen steel, as observed through nano-SIMS. Additional 

evidence of possible segregation of boron to grain boundaries in the hardened case is that in some of the 20MnCr5 + 

B specimens, crack nucleation sites with intergranular features were not as apparent. The small variation in 

endurance limit between 20MnCr5 + B to 20MnCr5 could be due to a smaller prior austenite grain size in the 

20MnCr5 + B alloy, caused by titanium and vanadium nitrides, and possibly a higher degree of grain boundary 

cohesion caused by higher amounts of boron, vanadium, and nickel in the 20MnCr5 + B alloy. 

• Does the addition of Nb in 8620 influence fatigue crack nucleation due to austenite grain refinement or because 

of a possible decrease in the aluminum oxide population? 

The better fatigue performance in SAE 8620 + Nb is at least partly due to a finer prior austenite grain size, 

due to the niobium addition. It is interpreted that the reduction of aluminum in SAE 8620 + Nb did not contribute to 

the improved fatigue performance, since fatigue cracks nucleated intergranularly rather that at inclusions. The lower 

surface hardness in the SAE 8620 alloy could also have contributed to its lower endurance limit compared with the 

other alloys, especially with the SAE 8620 + Nb. 
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Besides the conclusions related with the research questions, other important observations and conclusions 

were made: 

• The low cooling rate from pressurized nitrogen quenching caused some NMTP’s to transform on 

the surface of all the alloys and also resulted in a tensile residual stress on the surface of the 

specimens. The direct impact of the NMTP’s on the fatigue crack nucleation and propagation is 

unclear. 

 

• It was expected that the retained austenite volume fraction on the surface of the alloys would 

transform to martensite during fatigue; however, there was not a considerable variation in the 

volume fraction of retained austenite after the fatigue tests, suggesting enhanced stability of the 

retained austenite, possibly due to the addition of nitrogen. 

 

• Boron behaved differently in environments with lower carbon and nitrogen contents (core), than 

those environments with high carbon and nitrogen contents (case). Boron segregated to the grain 

boundaries in the core of the steel alloys. Boron exhibited some segregation in the case, but its 

distribution was more uniform, suggesting that the carbonitriding process influences the boron 

distribution. 
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CHAPTER 6 FUTURE RESEARCH 

 

This chapter indicates possible future research avenues based on observations made during this project. 

• During this research, a higher temperature for low pressure carbonitriding was used for heat treating the 

Brugger specimens compared to gas carbonitriding processes. However, it was not possible to compare the 

real gain in time by comparing this process with other carbonitriding heat treatments at lower temperature. 

Therefore, an analysis of time and cost savings is a relevant issue to be investigated. 

• Cooling rate was one important issue in this project, and it had an important influence on the fatigue 

performance of the alloys analyzed due to tensile residual stress on the surface. Varying the quenching 

pressures, gases, and even mechanisms such as spray quenching, fog quenching, or a mixture of two or 

more mechanisms could be evaluated to increase the cooling rate and maintain a clean quenching process. 

• Microstructure is an important feature that affects fatigue performance in general. During this research, the 

role of retained austenite in low pressure carbonitrided alloys and NMTP’s on fatigue performance are 

generally unknown since there was not a significant variation of either in the four alloys analyzed in this 

research. In carburized steels, the presence of retained austenite can increase the fatigue performance by 

transforming into martensite during loading. However, in the low pressure carbonitrided alloys from this 

study, the retained austenite volume fraction on the surface of the alloys before and after the fatigue tests 

was comparable; thus, the impact of various retained austenite levels on the fatigue performance could be 

investigated. Understanding the influence of nitrogen on the stability of retained austenite is a relevant 

issue to be investigated as well. Also, it is unknown if the presence of NMTP’s on the surface of the steel 

alloys has a direct influence on the fatigue fracture nucleation or growth mechanisms, for example, by 

locally lowering the yield strength of the alloy. 

• The comparable fatigue performance of the 20MnCr5 and 20MnCr5 + B alloys suggests that perhaps boron 

effects in the hardened case were similar in both alloys. In both alloys, the boron was unprotected with 

respect to the formation of boron nitrides. Thus, there is opportunity to explore the influence of boron in 

alloys designed to ensure it is in solution. It was also observed during this project that boron behaves 

differently in the hardened case and in the core. In the core, boron segregates to the grain boundaries, but 

the degree of boron segregation is less in the case, where high carbon and nitrogen contents are present. 

The influence of carbonitriding heat treatments on boron distribution could be investigated. 

• Several comparisons were made between low pressure carbonitriding and gas carburizing and low pressure 

carburizing investigations; however, the differences in chemical composition, average grain size, surface 

residual stress and retained austenite volume fraction made direct comparison difficult. A study designed to 

achieve similar characteristics, e.g., case depth and hardness, between carburized and carbonitrided 

specimens could help evaluate differences in fatigue performance in alloys heat treated through these 

processes. 
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APPENDIX A FATIGUE DATA 

 

Table A. 1 - Maximum Applied Stress, Number of Cycles and Failure or Run-Out Condition for Each Tested 
Specimen of the 20MnCr5 and 20MnCr5 + B. 

20MnCr5 20MnCr5 + B 
Cycles Max. Applied Stress 

(MPa) 
Final 

Condition 
Cycles Max. Applied Stress 

(MPa) 
Final 

Condition 

12359000 950 Run-out 59900 1000 Failed 

11011100 975 Run-out 11371000 975 Run-out 

10202500 1000 Run-out 42600 1000 Failed 

26000 1025 Failure 11029000 975 Run-out 

49000 1000 Failure 10091000 1000 Run-out 

12476000 975 Run-out 10484300 1025 Run-out 

39700 1000 Failure 15491800 1050 Run-out 

68000 975 Failure 15110000 1075 Run-out 

10133900 950 Run-out 40100 1100 Failed 

24000 975 Failure 87300 1075 Failed 

41600 950 Failure 10423500 1050 Failed 

- - - 25700 1025 Failed 

- - - 76000 1000 Failed 

- - - 16454600 975 Run-out 

- - - 55100 1000 Failed 

Table A. 2 - Maximum Applied Stress, Number of Cycles and Failure or Run-Out Condition for Each Tested 
Specimen of the SAE 8620 and SAE 8620 + Nb. 

SAE 8620 SAE 8620 + Nb 
Cycles Max. Applied Stress 

(MPa) 
Final 

Condition 
Cycles Max. Applied Stress 

(MPa) 
Final 

Condition 

25100 1025 Failed 69600 900 Failed 

26300 1000 Failed 10231000 875 Run-out 

35900 975 Failed 15485500 900 Run-out 

36100 950 Failed 71000 925 Failed 

2114700 925 Failed 12063000 900 Run-out 

8823600 900 Failed 62900 925 Failed  

87300 875 Failed 52000 900 Failed 

53600 850 Failed 245700 875 Failed 

12008100 825 Run-out 14923800 850 Run-out 

86500 850 Failed 10623200 875 Run-out 

10400000 825 Run-out 60000 900 Failed 

11005600 850 Run-out - - - 

22500 875 Failed - - - 

6099200 850 Failed - - - 

10412000 825 Run-out - - - 

12004000 850 Run-out - - - 
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APPENDIX B FRACTOGRAPHY 

 

 

Figure B. 1 Fatigue crack nucleation in a 20MnCr5 low pressure carbonitrided specimen, shown by the yellow 
arrow. The maximum applied stress was 975 MPa, and the number of cycles to failure was 68000 
cycles. Magnification 100X. 

 

 

Figure B. 2 Fatigue crack nucleation in a 20MnCr5 low pressure carbonitrided specimen, shown by the yellow 
arrow. The maximum applied stress was 975 MPa, and the number of cycles to failure was 68000 
cycles. Magnification 200X. 
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Figure B. 3 Fatigue crack nucleation in a 20MnCr5 low pressure carbonitrided specimen, shown by the yellow 
arrow. The maximum applied stress was 975 MPa, and the number of cycles to failure was 68000 
cycles. Magnification 600X. 

 

 

Figure B. 4 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
yellow arrow. The maximum applied stress was 1025 MPa, and the number of cycles to failure 
was 25700 cycles. Magnification 200X. 
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Figure B. 5 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
yellow arrow. The maximum applied stress was 1025 MPa, and the number of cycles to failure 
was 25700 cycles. Magnification 900X. 

 

 

Figure B. 6 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
yellow arrow. The maximum applied stress was 1075 MPa, and the number of cycles to failure 
was 87300 cycles. Magnification 140X. 
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Figure B. 7 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 1075 MPa, and the number of cycles to failure was 
87300 cycles. Magnification 900X. 

 

 

Figure B. 8 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 1050 MPa, and the number of cycles to failure was 
10423500 cycles. Magnification 140X. 
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Figure B. 9 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 1050 MPa, and the number of cycles to failure was 
10423500 cycles. Magnification 500X. 

 

 

Figure B. 10 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 1000 MPa, and the number of cycles to failure was 
76000 cycles. Magnification 500X. 
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Figure B. 11 Fatigue crack nucleation in a 20MnCr5 + B low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 1000 MPa, and the number of cycles to failure was 
76000 cycles. Magnification 1100X. 

 

 

Figure B. 12 Fatigue crack nucleation in a SAE 8620 low pressure carbonitrided specimen, shown by the black 
arrow. The maximum applied stress was 850 MPa, and the number of cycles to failure was 86500 
cycles. 
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Figure B. 13 Fatigue crack nucleation in a SAE 8620 + Nb low pressure carbonitrided specimen, shown by the 
white arrow. The maximum applied stress was 900 MPa, and the number of cycles to failure was 
60000 cycles. Magnification 200X. 

 

 

Figure B. 14 Fatigue crack nucleation in a SAE 8620 + Nb low pressure carbonitrided specimen, shown by the 
yellow arrow. The maximum applied stress was 900 MPa, and the number of cycles to failure was 
60000 cycles. Magnification 900X. 
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Figure B. 15 Fatigue crack nucleation in a SAE 8620 + Nb low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 875 MPa, and the number of cycles to failure was 
245700 cycles. Magnification 200X. This fatigue crack nucleation apparently occurred due to a 
machining defect. 

 

 

Figure B. 16 Fatigue crack nucleation in a SAE 8620 + Nb low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 900 MPa, and the number of cycles to failure was 
69600 cycles. Magnification 200X. 
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Figure B. 17 Fatigue crack nucleation in a SAE 8620 + Nb low pressure carbonitrided specimen, shown by the 
black arrow. The maximum applied stress was 900 MPa, and the number of cycles to failure was 
69600 cycles. Magnification 1100X. 
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A unique surface feature is shown in Figure B.18, and pointed by yellow arrows. This feature was noticed 

in the region of fatigue crack nucleation and growth of three out of five fractured 20MnCr5 + B specimens, and it 

was not observed in the specimens from the other three alloys. This feature has some ridges on the surface, 

potentially due to surface deformation. However, as already discussed, intergranular crack nucleation occurs in these 

low pressure carbonitrided specimens. 

 

Figure B. 18 Intergranular fatigue crack nucleation in a 20MnCr5 + B specimen showing that the crack 
nucleated on a prior austenite grain boundary at a magnification of 2200X. The failure occurred at 
maximum stress of 1000 MPa and 42,600 cycles. The yellow arrows are pointing to the unique 
surface feature. 
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APPENDIX C TIME-OF-FLIGHT SECONDARY ION MASS SPECTROMETRY (TOF-SIMS) 

 

 

Figure C. 1 Possible niobium segregation and second phase particles (indicated with blue arrows) in SAE 
8620 + Nb, obtained through ToF-SIMS. The units in the scales are counts per second. The 
analysis was performed on the surface parallel to the rolling direction, reason why the bandings 
are being seen. 
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APPENDIX D SURFACE ROUGHNESS 

 

Surface roughness Rq, was measured after low pressure carbonitriding. The roughness for the base alloys 

20MnCr5 and SAE 8620 is statistically similar and is higher compared to both modified alloys. The 20MnCr5 + B 

has the lowest roughness value, and SAE 8620 + Nb has the second lowest roughness. The average and standard 

error for Rq roughness for each alloy are shown in Figure D.1. In Rq measurements, peaks and valleys are combined 

in a quadratic mean. Therefore, negative values (indicating valleys) do not get cancelled by the positive values 

(indicating peaks). 

 

Figure D. 1 Surface roughness Rq for the alloys 20MnCr, 20MnCr5 + B, SAE 8620 and SAE 8620 + Nb. 
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APPENDIX E J-MAT SOFTWARE TTT CURVES 

 

Appendix E shows simulated TTT curves, obtained through J-Mat software, for the surface condition of all 

the alloys after low pressure carbonitriding. The carbon and nitrogen contents were those obtained from GDOES and 

the average grain sizes used were from the measured values. 

 

Figure E. 1 TTT curve for the 20MnCr5 alloy with carbon content of 0.73 wt pct, nitrogen content of 0.12 wt 
pct, and average prior austenite grain size of 13.5 µm. 
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Figure E. 2 TTT curve for the 20MnCr5 + B alloy with carbon content of 0.72 wt pct, nitrogen content of 0.14 
wt pct, and average prior austenite grain size of 12.5 µm. 
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Figure E. 3 TTT curve for the SAE 8620 alloy with carbon content of 0.72 wt pct, nitrogen content of 0.12 wt 
pct, and average prior austenite grain size of 14.5 µm. 
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Figure E. 4 TTT curve for the SAE 8620 + Nb alloy with carbon content of 0.70 wt pct, nitrogen content of 
0.12 wt pct, and average prior austenite grain size of 11 µm. 
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APPENDIX F NANOSCALE SECONDARY ION MASS SPECTROSCOPY (NANO SIMS) 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure F. 1 Nano-SIMS maps scanned for 55 minutes in the central region of the 20MnCr5 + B sample of (a) 
boron, (b) carbon, (c) titanium, and (d) chromium, showing their respective color scale bars with 
the counts per second. 
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(a) 

 

(b) 

 

(c) 

Figure F. 2 Nano-SIMS maps scanned for 11 hours in the central region of the 20MnCr5 + B sample of (a) 
boron, (b) carbon, and (c) titanium, showing their respective color scale bars with the counts per 
second. 
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(a) 

 

(b) 

 

(c) 

Figure F. 3 Nano-SIMS maps scanned for 11 hours in the central region of the 20MnCr5 + B sample of (a) 
boron, (b) nitrogen, and (c) titanium, showing their respective color scale bars with the counts per 
second. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure F. 4 Nano-SIMS maps scanned for 4 hours on the edge (hardened case) of the 20MnCr5 + B sample of 
(a) boron, (b) carbon, (c) chromium, and (d) manganese showing their respective color scale bars 
with the counts per second. 
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APPENDIX G LIGHT OPTICAL MICROGRAPHS (LOM) 

 

 
(a) 

 
(b) 

 
(c) 

Figure G. 1  Light optical micrographs on the 20MnCr5 alloy at (a) surface showing martensite and retained 
austenite from the hardened case, (b) core with the presence of bainite in a martensitic matrix, and 
(c) the hardened case and core. 
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(a) 

 
(b) 

 
(c) 

Figure G. 2  Light optical micrographs on the 20MnCr5 + B alloy at (a) surface showing martensite and 
retained austenite from the hardened case, (b) core with the presence of bainite in a martensitic 
matrix, and (c) the hardened case and core. 
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(a) 

 
(b) 

 
(c) 

Figure G. 3 Light optical micrographs on the SAE 8620 alloy at (a) surface showing martensite and retained 
austenite from the hardened case, (b) core with the presence of bainite in a martensitic matrix, and 
(c) the hardened case and core. 
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(a) 

 
(b) 

 
(c) 

Figure G. 4 Light optical micrographs on the SAE 8620 + Nb alloy at (a) surface showing martensite and 
retained austenite from the hardened case, (b) core with the presence of bainite in a martensitic 
matrix, and (c) the hardened case and core. 
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