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ABSTRACT 

Carburizing and induction hardening are both surface heat treatments that are commonly 

used to increase fatigue performance and wear resistance, especially in the automotive industry 

for parts subject to cyclical torsional loading such as constant-velocity joints, steering shafts, and 

driveshafts. It is known in industry that applying an induction hardening treatment to previously 

carburized parts can potentially increase fatigue performance, and this work aims to provide 

further understanding as to why. 

SAE 4121 steel modified using an industrially relevant modification of 0.84 wt pct Cr 

was chosen for this study due to industrial relevance and high hardenability. The cylindrical 

torsional fatigue specimens underwent a carburizing heat treatment to either 1.0 mm or 1.5 mm 

defined case depth, followed by a single shot induction hardening heat treatment to either 0 mm, 

2.0 mm, or 3.0 mm defined case depth.  

Microstructural characterization techniques include light optical and scanning electron 

microscopy, including a quantitative analysis of near surface prior austenite grain size 

measurements and identification of non-martensitic transformation products near surface 

intergranular oxidation. Mechanical property characterization techniques include post-heat 

treatment dimensional analysis of the fatigue specimens, radial hardness profiles, carbon gradient 

analysis, torsional fatigue testing, and residual stress vs depth measurements. Finally, a fracture 

study was conducted to elucidate differences in fracture behavior and/or fracture toughness 

between the as-carburized and carburized plus induction hardened conditions. 

The results of the torsional fatigue testing show that the as-carburized conditions 

exhibited better fatigue performance than the carburized plus induction hardened conditions, 

which is opposite to what is observed in industry. The residual stress analysis revealed that the 

carburized plus induction hardened conditions exhibited lower magnitude surface compressive 

residual stresses than the as-carburized conditions, and the fracture study revealed that the 

carburized plus induction hardened conditions tended to exhibit intergranular fracture in the 

overload failure zone while the as-carburized conditions tended to exhibit primarily transgranular 

fracture. Therefore, the residual stress profiles and potential grain boundary embrittlement of the 

carburized plus induction hardened conditions are believed to be the primary explanations behind 

the observed torsional fatigue results.  
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CHAPTER 1 

INTRODUCTION 

Torsional fatigue performance and surface wear resistance are often two of the most 

important factors to optimize when designing parts for the automotive industry, especially for 

parts subject to cyclical torsional loading such as constant-velocity joints, steering shafts, and 

driveshafts. Carburizing and induction hardening are two common surface heat treatments 

utilized to improve wear resistance and fatigue performance, and it has been observed in industry 

that applying an induction hardening treatment to parts that have previously been carburized can 

lead to increased fatigue resistance, and subsequently vehicle efficiency and passenger safety, 

without sacrificing wear resistance. However, there is limited literature attempting to 

characterize and quantify the relationship between these two heat treatments and why they 

improve these performance metrics when applied consecutively. 

This study attempts to elucidate the interactions between these two heat treatments with 

regards to microstructure, residual stress profile development, and torsional fatigue performance 

with the goal of providing insight to industry as to which combinations of carburized and 

induction hardened case depths exhibit the best torsional fatigue performance. This was 

accomplished through attempting to answer the following research questions: 

1) How do variations in the induction hardening case depth affect torsional fatigue 

performance of steel carburized to a consistent case depth? 

2) What microstructural features and/or mechanical properties of the carburized plus 

induction hardened conditions contribute to torsional fatigue performance and why? 

The following chapters present the methods utilized to help answer these questions and 

the results of the many analyses conducted using said methods. All testing was performed using 

torsional fatigue specimens machined from a modified 4121 steel grade currently used in the 

industrial applications mentioned above to ensure industrially relevant results.   
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CHAPTER 2 

BACKGROUND & LITERATURE REVIEW 

Literature review for this work focused primarily on the aspects of carburizing and 

induction hardening that are directly relevant for this project. These include, but are not limited 

to, fundamentals of carburizing and induction hardening, how rapid heating affects 

microstructural development, and origins and theory behind the test methods used in this work. 

2.1 Carburizing 

Carburizing is a form of heat treatment where carbon is added to the surface of fully 

austenitized low-carbon steels to form martensite at the surface upon quenching. This process 

results in a hard martensitic microstructure at the surface of the steel while retaining the tough 

ferrite/pearlite or tempered martensite core microstructure [1]. Carburizing steel grades in 

industry are typically produced with a carbon concentration of around 0.2 wt pct [1]. The 

differences in carbon concentration between the atmosphere and the steel create a carbon 

potential between the two, causing carbon that gets introduced at the steel surface to diffuse 

inward. The final result is a carbon gradient from the surface to the center of the part with the 

carbon concentration at the surface between 0.8 and 1.0 wt pct. Higher concentrations are 

possible, but any carbon concentration greater than 1.0 wt pct can lead to excessive retained 

austenite, brittle martensitic microstructures after quenching, and other factors that negatively 

affect mechanical properties [1].  

In addition to creating a microstructure gradient, carburizing also induces residual 

stresses into the steel upon quenching. The residual stresses at the surface of both carburized and 

induction surface hardened steels are almost always compressive [1], [2], [3]. For a given 

microstructure, compressive surface residual stresses increase the endurance limit as a higher 

applied stress is required to exceed the fatigue strength of the microstructure. Therefore, it is 

generally better to increase the compressive residual stresses and minimize factors that decrease 

the magnitude of compressive stresses, such as non-martensitic transformation product 

formation. 

There are five standard methods of carburizing, and they differ primarily based on how 

the carbon is introduced into the material. These methods are gas, vacuum, pack, liquid, and 



3 

 

plasma [4]. Gas and vacuum methods both work by introducing a carbon-containing gas into the 

furnace, but in vacuum carburizing the gas is introduced after pulling a vacuum less than 

27 mBar (å 20 torr). Natural gas is typically used in industry for gas carburizing while 

hydrocarbon gasses such as acetylene are used in vacuum carburizing [1]. The absence of oxygen 

in vacuum carburizing atmospheres essentially eliminates surface oxidation. Plasma carburizing 

is also similar to gas carburizing, but the part is made the cathode in a DC circuit, thus increasing 

carbon mass flow and decreasing carburizing time [1]. Pack carburizing introduces carbon to the 

steel using a solid material, usually a carbon powder, and liquid carburizing introduces the 

carbon using a salt bath [1], [4]. After treatment, the steel is then quenched using water, oil, 

polymer, or gas quenchants to obtain the martensitic case and processed post-treatment as 

needed. In industry, oil is typically the preferred quenchant due to its lower quench severity 

allowing for finer control of the quench parameters [1]. 

The most common carburizing process, and the process used for this work, is gas 

carburizing [5]. As stated above, gas carburizing uses carbon-containing gases, typically natural 

gas, to introduce carbon into the steel. The steel is brought up to the austenitization temperature 

and held at temperature while the gas is introduced into the atmosphere to allow the carbon time 

to be introduced at the surface of the steel and diffuse inward, creating a carbon gradient. The 

steel is then quenched, forming a case microstructure of martensite with retained austenite, and a 

core microstructure that varies depending on the hardenability of the steel but is typically either 

ferrite/pearlite or a tougher microstructure such as bainite or quenched and tempered martensite.  

Harvey developed a model that allows for determination of surface carbon content during 

gas carburizing based on the partial pressures of carbon monoxide (CO) and carbon dioxide (CO2 

) [6]. In carburizing atmospheres, the driving reaction that deposits carbon into the steel is the 

redox reaction between CO, CO2, and carbon (C), commonly known as the Boudouard reaction 

[7], as given by 

 CO2g + C  ᵶ 2CO(g) (2.1) 

where C is carbon introduced into the austenite. This equation shows that, at given equilibrium 

conditions, a given ratio between CO and CO2 will maintain a certain carbon content in the 

austenite. The equilibrium constant, K, for the above reaction is given as 
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 K = 
P2CO

aCPCO2
 (2.2) 

where PCO and PCO2 are the partial pressures of CO and CO2 respectively and aC is the activity of 

carbon. aC depends on the wt pct carbon by 

 aC = fC%C (2.3) 

where fC is the activity coefficient of carbon, which is a function of sample composition and 

temperature. Combining Equations 2.2 and 2.3 yields the final relationship between the partial 

pressures and surface carbon content. 

 %C  = 
1

KfC
 
P2CO

PCO2
  (2.4) 

Even though this model was designed for lean low-carbon steels, Harvey states that it can 

be applied as a reasonable approximation for low-carbon alloy steels [6]. 

If processing parameters are known, the carbon content at a specific depth can be 

calculated as  

 C = CS CS C0 erf 
x

2ЍDt
  (2.5) 

where C is the carbon concentration in wt pct at depth x, CS is the carbon concentration of the 

atmosphere, C0 is the initial carbon concentration of the steel, D is the diffusion coefficient of 

carbon in austenite at a given temperature, and t is carburizing time [8]. Using empirical analysis, 

this equation can be reduced to 

 x = ŬЍ t (2.6) 

where Ŭ is a material constant that accounts for the temperature dependence of D in 

Equation 2.5 [1]. 

In addition to controlling the carbon potential through the atmosphere, the carburizing 

case depth and carbon gradient profiles can be controlled without changing the atmosphere by 

changing time spent at carburizing temperature and/or the carburizing temperature itself [9]. 

Changing carburizing time without changing temperature results in deeper case depths with a 
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shallower gradient without changing the surface carbon concentration. Changing carburizing 

temperature without changing time results in higher surface carbon concentrations and deeper 

case depths for higher temperatures, though the steepness of the carbon gradient remains 

essentially unchanged.  

2.1.2 Boost-Diffuse Carburizing 

While carburizing treatments can be completed in a single step, gas and vacuum 

carburizing treatments can also be performed in a two-step process known as boost-diffuse 

carburizing [10]. Boost-diffuse carburizing consists of two carburizing cycles, a high carbon 

potential ñboostò cycle and a lower carbon potential ñdiffuseò cycle. A time-temperature 

schematic of a basic boost-diffuse carburizing cycle is shown in Figure 2.1. The boost cycle 

serves to quickly introduce the carbon into the steel, resulting in a higher than desired carbon 

concentration at the surface (usually greater than 1.0 wt pct) with a steep carbon concentration 

gradient. The diffuse cycle serves two purposes: the lower carbon potential decreases the surface 

carbon content to the desired level (typically between 0.75-0.95 wt pct C), and the time spent 

during this cycle gives the carbon introduced during the boost cycle time to diffuse deeper into 

the steel, evening out the carbon gradient [10], [11]. In addition to allowing for quicker cycle 

times and more precise control over the resulting carbon profile [10], boost-diffuse carburizing 

treatments are often used on parts that require post-treatment surface preparation such as 

polishing. A carbon content plateau at the surface can be produced during the diffuse cycle, 

allowing for the removal of surface material without changing the surface carbon content [10]. 

 

Figure 2.1 Schematic of a basic boost-diffuse carburizing process. 
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2.2 Induction Hardening 

Induction hardening is a form of heat treatment where the steel is placed in the magnetic 

field generated by running a high frequency alternating current through an inductor. This 

magnetic field induces a current in the steel, thus generating heat according to  

 H = I2R (2.7) 

where H is heat generated, I is the induced current in the steel, and R is the electrical resistance 

of the steel. Ferrite is ferromagnetic up to its Curie temperature of 768 ÁC, and the rapid change 

of direction of the magnetic domains within the ferrite generates heat as well, though this effect 

becomes negligible once the steel transforms to non-magnetic austenite. After heating, the part is 

quenched to form a martensitic case surrounding a ferrite/pearlite or quenched and tempered 

martensite core similar to carburizing. Unlike carburizing, however, induction hardening does 

not introduce carbon into the steel during treatment. Therefore, steels of between 0.4 and 

0.5 wt pct C are typically chosen to ensure sufficient strength, wear resistance, and fatigue 

resistance post-treatment [1]. 

The major advantage of induction hardening is its versatility. Uniform surface hardening, 

selective hardening, through-hardening, and tempering are all possible through induction 

hardening [1]. Additionally, processing parameters can be precisely controlled by changing the 

geometry of the coil. Coils used for induction hardening are usually made from copper, and their 

geometry varies widely depending on the application. Operating frequency and AC power input 

are controlled in tandem with coil geometry to produce a wide variety of heating patterns. Case 

depth is inversely proportional to the frequency of the alternating current, causing lower 

frequencies to achieve deeper case depths and vice versa [1]. Once treatment is complete, the 

part is typically quenched in a 4-10 pct polymer solution and tempered as needed [12], [13], [14]. 

Ferrite/austenite transformations are diffusional transformations that depend on complete 

uniform diffusion of carbon throughout the microstructure. Full austenization needs to be 

achieved during induction hardening to achieve a uniform quench. Ac3 temperature is known to 

vary with heating rate. For example, the Ac3 temperature of an annealed 1042 steel rapidly 

heated during induction hardening can be up to 200 ÁC higher than the same steel conventionally 

heated in a furnace [15]. To compensate for the extremely fast heating times used in induction 

hardening, often hundreds of degrees Celsius per second or faster, higher peak temperatures are 
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used [15]. Despite needing to achieve higher peak temperatures for induction hardening 

compared to furnace heating, it is critical to not choose too high of a peak temperature. If too 

high of a peak temperature is chosen, austenite grain coarsening can occur [1]. 

2.3 Case Depth Definitions 

Defining case depth is critical to estimating how a carburized or induction hardened part 

performs in service. There are multiple standards and techniques used to evaluate case depth, and 

these techniques are discussed here. 

The first distinction between case depth determination methods is whether case depth is 

defined as ñtotalò case depth or ñeffectiveò case depth. Total case depth is defined as the total 

depth from the surface affected by the surface heat treatment, while effective case depth is 

defined as the depth where the case microstructure achieves certain properties, usually hardness 

or carbon content. These definitions are inherently vague, leading to multiple definitions based 

on chemical and microstructural characteristics to be implemented in practice [16]. 

One method of defining case depth is the chemical method. This method determines case 

depth based on the carbon concentration of the material in carburized steels. Using the chemical 

method, total case depth is traditionally defined as the depth at which the carbon concentration of 

the case is 0.04 wt pct above the carbon concentration of the base material while effective case 

depth is defined as the case depth at which carbon concentration equals 0.4 wt pct [17].  

While the chemical method of defining case depth tends to be more accurate, the second 

method of defining case depth, known as the hardness method, tends to be utilized in industry 

due to its faster processing time [16]. Under the hardness method, the total case depth is defined 

as the point at which the chemical and physical properties of the case and core are 

indistinguishable from one another, i.e. where the case hardness is equivalent to the base material 

hardness. Effective case depth determined via the hardness definition is defined as the 

perpendicular distance from the surface of a specimen to the deepest point at which a specific 

hardness is reached [17]. This hardness value varies based on the standard being applied, but the 

most common effective case depth definitions are 50 HRC in the United States [17] or 550 HV 

using international standards [18]. 
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2.4 Martensite Formation and Identification 

Martensite is the metastable phase in steels that forms upon rapid cooling from the 

austenite phase. The most common method of forming martensitic microstructures in steels is by 

rapidly cooling the steel from the austenitic phase field. When austenite is rapidly cooled to 

below the martensite start temperature, or MS, for a given cooling rate, carbon diffusion is 

suppressed and the carbon atoms become trapped at the octahedral sites. Solubility of carbon in 

body-centered cubic (BCC) ferrite is significantly less than in face-centered cubic (FCC) 

austenite, and to accommodate the carbon, the lattice undergoes a displacive (i.e., diffusion-less), 

shear transformation into body-centered tetragonal (BCT) martensite [1]. Martensite can also 

form mechanically upon straining. Transformation induced plasticity (TRIP)-aided steels, for 

example, utilize this phase transformation as a strengthening mechanism to great effect [19]. The 

strain-induced transformation mechanism is not relevant for this study and is not covered in 

detail. 

There are two possible morphologies for martensite: lath and plate. In steels, carbon 

content controls both the preferred morphology and the MS temperature. Steels with carbon 

content below 0.6 wt pct will form lath martensite exclusively while steels with greater than 1.0 

wt pct carbon will form plate martensite. Martensite with a carbon concentration between these 

two values will often form a mixed morphology, as validated through multiple independent 

studies [20].  

The primary features that distinguish lath and plate martensite are the size and shape of 

the individual martensite crystals. Plate martensite crystals are larger and are easily 

distinguishable from each other using standard light optical microscopy (LOM). Additionally, 

despite only having one habit plane for a given alloy, plate martensite microstructures appear 

randomly arranged due to the tendency of adjacent crystals to form along different variants of the 

habit plane [1]. A representative micrograph of plate martensite in a high carbon commercial bar 

steel is shown in Figure 2.2.  

Martensite that forms in the case of carburized steels often exhibits plate morphology, 

especially near the part surface where carbon concentrations can exceed 0.8 wt pct [21]. Plate 

martensite microstructures are susceptible to microcracking due to the impingement of plates of 

different habit plane variants [1], and these microcracks can be highly detrimental to fatigue 
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performance if exposed at the surface via surface preparation methods such as 

electropolishing [21]. However, the formation of these microcracks can be controlled or 

eliminated through processing that results in a fine austenite grain size, which in turn results in a 

fine martensite plate size [22]. A representative micrograph of plate martensite with 

microcracking in the case of an as-carburized 8620 steel specimen is shown in Figure 2.3. 

 

Figure 2.2 Light optical micrograph of plate martensite in a 1.67 wt pct C steel austenitized and 

quenched to 298 K [23]. 

 

Figure 2.3 Light optical micrograph of plate martensite with microcracks in the case of an as-

carburized 8620 steel [21]. 

In lath martensite, the individual martensite crystals are significantly finer, often not able 

to be resolved with light optical microscopy (LOM). Despite this, the acicular structure of 

martensite is still apparent at low magnifications in lath martensite due to the tendency of laths to 

align parallel to each other when forming in the same prior austenite grain, especially at low 
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carbon concentrations. These groups of parallel laths, known as packets, give lath martensite a 

distinct appearance compared to plate martensite [21]. A representative micrograph of lath 

martensite in a Fe-0.21 wt pct C binary alloy is shown in Figure 2.4.  

 

Figure 2.4 Light optical micrograph of lath martensite in a Fe-0.21 wt pct C binary alloy, 2 pct 

nital etch [24]. 

Martensite that forms in the case of induction hardened steels often exhibits lath 

morphology. This is due to steel grades most often used in induction heating having carbon 

concentrations between 0.4 and 0.5 wt pct, well within the preferred carbon concentration range 

for exclusive lath martensite formation. Additionally, lath martensite formed by quenching 

induction hardened steels is often finer than lath martensite formed by quenching furnace heated 

steels as prior austenite grains in induction hardened steels are significantly smaller in size [25]. 

A SEM micrograph of lath martensite in an induction hardened B1500HS boron steel is shown in 

Figure 2.5. 

 

Figure 2.5 SEM micrograph of fine lath martensite in an induction hardened B1500HS boron 

steel, 4 pct nital etch [25]. 
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2.5 Bainite Formation and Identification 

Bainite forms when austenite is cooled to below the bainite start, or BS, temperature at 

intermediate cooling rates. Bainite consists of bainitic ferrite and cementite. However, the key 

difference between the two constituents is the ferrite and cementite form as non-lamellar arrays 

in bainite compared to the ordered lamellar structure seen in pearlite. The ferrite crystals in 

bainitic microstructures often appear lath-like, similar to martensite [1]. While up to six possible 

bainite morphologies have been proposed [26], there are still some disagreements amongst 

literature as to the formation and classification of bainite. Two types, upper bainite and lower 

bainite, are described in detail here. 

Upper bainite is the bainite morphology that forms at temperatures just below BS, 

generally around 400 to 500 ÁC. Upper bainite is formed by packets of ferrite crystals growing in 

parallel, leading to a blocky appearance within the packet. This ferrite growth promotes carbon 

diffusion towards the austenite at the ferrite crystal boundaries, leading to coarse, elongated 

carbides that often travel the length of the ferrite crystals. Upper bainite that exclusively forms 

these elongated carbides between the bainitic ferrite laths without any intralathe carbide 

formation is also known as carbide-free bainite [27]. Retained austenite is also often found at the 

ferrite crystal boundaries in steels alloyed with Si and Al, even at room temperature, due to 

austenite stabilization from an increased local carbon concentration resulting from carbon 

rejection from the growing ferrite crystals [1]. A representative micrograph of upper bainite in a 

0.3C-0.5Si-0.06Mn (wt pct) steel is shown in Figure 2.6. 

 

Figure 2.6 Field emission SEM micrograph of upper bainite in a 0.3C-0.5Si-0.06 Mn (wt pct) 

steel. Ferrite crystals are dark grey, cementite particles are white, and the elongated white bands 

are either cementite or retained austenite [28]. 

Lower bainite is the bainite morphology that forms at temperatures lower than upper 

bainite but above the MS temperature, generally between 200 and 350 ÁC. Lower bainite forms as 
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acicular ferrite plates. Carbides in lower bainite form within the ferrite crystals rather than at the 

ferrite crystal boundaries and are significantly finer than those typically formed in upper bainite. 

A representative micrograph highlighting the carbide structure of individual plates of lower 

bainite in a D6AC aerospace grade steel is shown in Figure 2.7. 

 

Figure 2.7 Representative SEM micrograph of lower bainite (B) in a D6AC aerospace grade steel 

fully austenitized, isothermally held at 330 ÁC, then oil quenched [29]. 

2.6 Microstructural Evolution During Rapid Heating 

As with most surface hardening heat treatments, the goal of induction hardening is 

typically to change the surface microstructure of the steel from a lower strength microstructure 

into martensite for increased strength and wear resistance. However, the induction heat 

treatments performed in this project were performed on steels with primarily martensitic starting 

microstructures, with a fraction of retained austenite at the surface due to the prior carburizing 

heat treatments. Therefore, studies examining the effects of martensitic starting microstructure on 

the microstructural evolution during rapid heating were reviewed. 

One of the first studies on this subject was published by Grange in 1971 and examined 

the effect of rapid austenitizing of an AISI 5140 steel with three initial microstructures: 

martensitic, hot-rolled ferrite/pearlite, and coarse ferrite/pearlite [30]. These microstructures are 

shown in Figure 2.8. The martensitic starting microstructure was found to be the favorable 

microstructure for single cycle rapid austenitizing treatments for numerous reasons. First, the 

martensitic condition achieved full austenitization at the lowest temperature. The martensitic, 

fine ferrite/pearlite, and coarse ferrite/pearlite microstructures achieved full austenitization at 

815, 870, and 925 ÁC respectively. In addition, the martensitic starting microstructure was the 
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only sample that approached an ñultrafine-grainedò condition where the average prior austenite 

grain size was less than 10 ɛm. LOM micrographs showing the difference in PAGS are shown in 

Figure 2.9. Though mechanical properties were not examined, it can be reasonably assumed that 

this resulting ultrafine-grained microstructure would exhibit the highest strength and fatigue 

resistance of the three conditions as fine grain size is known to increase material strength as 

described by the Hall-Petch relationship, with the primary strengthening mechanism being the 

inability of dislocations to cross over grain boundaries. 

 

Figure 2.8 Initial microstructures of (a) martensite, (b) fine ferrite/pearlite, and (c) coarse 

ferrite/pearlite examined in Grange [30]. 

 

Figure 2.9 PAGS resulting from rapid austenitizing of the (a) martensite starting microstructure 

at 815 ÁC, (b) fine ferrite/pearlite starting microstructure at 875 ÁC, and (c) coarse ferrite/pearlite 

starting microstructure at 925 ÁC. All microstructures were held at temperature for 20 seconds 

before quenching [30]. 
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These favorable results are believed to be directly related to the fine carbide dispersion 

within the martensite. Since the carbides are finely distributed within the martensitic 

microstructure, the diffusion distances required to achieve homogeneous carbon distribution 

within the austenite are small and said distribution is achieved quickly at lower temperatures. 

Additionally, the finely dispersed carbides cause austenite to nucleate at more locations, resulting 

in smaller austenite grains early in the austenitization cycle before substantial austenite grain 

growth becomes a concern [30]. 

Other studies examining different steel grades have observed similar results. For 

example, a study examining the effects of initial microstructure on Ac3 temperature of a 1042 

grade steel with an annealed (coarse ferrite/pearlite), normalized (fine ferrite/pearlite), or 

quenched and tempered (martensitic) initial microstructure found that Ac3 temperature increased 

by as much as 200 ÁC/s from 500-3000 ÁC/s. Additionally, as with the previous study, the 

martensitic initial microstructure showed the lowest Ac3 temperature of the three conditions 

across all heating rates [15]. 

Superhardness is another commonly observed property of martensite produced from 

quenching after rapid heating, where martensite has a measured hardness of 2-4 HRC higher than 

expected from through-hardened martensite [1], [31]. Superhardness is believed to be a result of 

quenching fine-grained austenite produced during the short austenitizing times seen in induction 

hardening, though the primary mechanisms are not entirely understood [1], [31]. 

2.7 Residual Stresses 

Residual stresses play a critical role in enhancing fatigue performance of both carburized 

and induction hardened steels. This section covers the origins of residual stresses in surface 

hardened steels and the theory behind measuring residual stresses using XRD. 

2.7.1 Origins of Residual Stresses in Surface Hardened Steels 

Even though higher-carbon microstructures are more susceptible to brittle intergranular 

fracture, fracture and fatigue resistance are still improved due to the resulting surface 

compressive stresses produced during the quenching of steels with the carbon gradients and 

concentrations present in carburizing and induction hardening respectively [1]. A wide variety of 

residual stress profiles are possible due to the wide variety of carbon gradients and 

concentrations produced by these two processes, but they all follow the same general shape of 
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compression at the surface, reaching a maximum compressive stress at a given depth within the 

case, and a change to tensile stresses around the case-core interface. 

Residual stresses are a result of two types of physical changes that occur during cooling. 

These changes are the thermal contraction that occurs during cooling of a single phase or mixed 

phase microstructure in the absence of a phase change and the volumetric expansion that occurs 

when austenite transforms to ferrite, cementite, or martensite [1]. For sub-critical heat treatments, 

i.e., heat treatments that occur below the Ac1 temperature, thermal contraction is the dominant 

factor in inducing residual stresses. For any heat treatment that involves cooling from the 

austenite phase field, the volume expansion due to austenite transformation is the dominant 

factor [1]. 

Since both carburizing and induction hardening involve quenching from the austenite 

phase field, the volumetric expansion upon the transformation of austenite to martensite is the 

dominant mechanism for these two heat treatments. For carburized parts, the variation of MS 

temperature and martensite lattice parameters with carbon content is also important. The MS 

temperature increases as carbon content decreases. Due to the carbon gradient in the case, the 

austenite near the case/core interface transforms to martensite before the austenite on the surface. 

Once the surface austenite begins transforming to martensite, the already-transformed martensite 

restrains the volume change of the new martensite, putting the surface in compression [2]. 

Residual stresses in induction hardened parts also result from similar surface phase changes, 

though the variation of MS temperature with carbon content is not usually considered as most 

industrial induction hardening treatments are performed on parts without a carbon gradient [3]. 

Compressive residual stresses in induction hardened parts result from the non-transformed core 

microstructure restricting the volumetric expansion of the surface martensite, but the result is a 

similar residual stress profile to carburized steel. Typical residual stress profiles resulting from 

carburizing and induction hardening heat treatments are shown in Figure 2.10 and Figure 2.11, 

respectively. 
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Figure 2.10 Residual stress profile in carburized 5120 steel [32]. 

 

Figure 2.11 Residual stress profiles in the radial (ůrr), axial (ůzz), and hoop (ůɗɗ) directions of a 

C45 grade steel cylinder (equivalent to AISI 1045) measured using neutron diffraction [33]. 

2.7.2 Residual Stress Measurements 

Even though there are novel residual stress measurement techniques being researched, the 

most commonly used method, and the method used for this work, is X-ray diffraction [1], [33], 

[34]. Residual stresses impart elastic strain on the crystal lattice of the material, and X-ray 

diffraction can be used to measure the changes in interplanar spacing that result from said elastic 

strains. These elastic strains, combined with the materialôs Youngôs Modulus and Poissonôs Ratio, 

can be used to calculate residual stresses using 
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E
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where ɣ is the angle between the diffraction vector and sample surface normal, ◖ is the angle of 

the measured stress relative to the principal stresses ů11 and ů22, ɜ is Poissonôs ratio, E is Youngôs 

modulus, dɣ◖ is the measured lattice spacing at a given sample inclination ɣ, and d0 is the 

stress-free lattice spacing [35], [36]. Repeated 2ɗ scans at increasing values of ɣ to determine dɣ◖ 

allows for characterization of ů◖ using a least squares fit of Equation 2.8. The analysis of surface 

stresses allows for a plane stress condition to be assumed. This method is valid for both uniaxial 

and biaxial stress states due to being a differential measurement. If a stress exists transverse to 

the stress being measured, there is a uniform change in lattice spacings. This causes a change in 

intercept, but not slope, of the least squares fit line [35], [36]. 

2.8 Torsional Fatigue 

Fatigue failures are defined as failures that occur in metals subject to dynamic load 

conditions, often at loads well below the yield strength of the metal [37]. While dynamic loading 

cycles in real world applications are often unpredictable, most laboratory torsional fatigue tests 

are completed using a triangular or sinusoidal shear stress cycle which can be described by three 

factors: alternating shear stress (Űa), mean shear stress (Űm), and shear stress ratio (R), commonly 

referred to as the R-ratio [37], [38]. A graphical representation of a typical shear stress laboratory 

load cycle is shown below in Figure 2.12. 

To calculate Űa, the shear stress range (Űr) is needed. The shear stress range is simply the 

algebraic difference between the maximum and minimum shear stress of the cycle. 

 Űr = Űmax - Űmin (2.9) 

where Űmax and Űmin are the maximum and minimum shear stresses, respectively. The shear stress 

amplitude, Űa, is then defined as half of the shear stress range. 

 Űa = 
Űr

2
 (2.10) 

The mean shear stress, Űm, is defined as the algebraic mean of the maximum and 

minimum shear stresses. 

 Űm = 
Űma x+ Űmin

2
 (2.11) 
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Finally, the R-ratio is defined as the ratio of the minimum shear stress to the maximum 

shear stress. 

 R = 
Űmin

Űmax
 (2.12) 

 

Figure 2.12 Schematic of a standard sinusoidal shear stress cycle for laboratory torsional fatigue 

tests [38]. 

While fatigue tests can be performed at any R-ratio, laboratory tests are typically 

performed at R-ratios of -1, 0, or 0.1. An R-ratio of -1 is known as fully-reversed fatigue testing 

and is the result of a mean shear stress of 0. A positive R-ratio indicates a stress cycle where the 

sample never passes through a state of zero stress [38]. 

Fatigue tests are performed in either low-cycle or high-cycle regimes. The demarcation 

between low-cycle and high-cycle fatigue is that low-cycle fatigue focuses on the finite fatigue 

performance at stresses above the endurance limit while high cycle fatigue focuses on fatigue 

performance near the endurance limit. In high-cycle fatigue regimes, the material is said to have 

reached the endurance limit if the sample remains unbroken after the test ends, usually at 107 or 

108 cycles depending on the specified endurance limit definition [39].  

Results from torsional fatigue tests are typically presented as S-N curves. These are plots 

of shear stress amplitude versus cycles to failure. The ñcycles to failureò axis is normally 

presented on a log scale, and arrows are added to data points representing samples that remained 

unbroken when the test was completed. The reason fatigue data are presented as a function of 
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number of cycles rather than test run time is that fatigue failures in most metals tested in air at 

room temperature have been found to be frequency independent, i.e., the number of cycles at 

sample failure is independent of both test frequency and the waveform of the loading cycle [39]. 

Fatigue fractures can exhibit three distinct stages: Stage I ï microcrack initiation, 

Stage II ï macrocrack propagation, and Stage III ï final failure [39]. Stage I occurs when 

microcracks nucleate at one or more of several possible nucleation sites: intragranularly in 

surface grains due to slip along crystallographic slip planes, inclusions due to strain 

incompatibility, or possibly intergranular nucleation in high strength steels. These microcracks 

then expand along the original direction, i.e., the microcrack propagates along the original slip 

band it formed on. A stage I fatigue crack transitions to a stage II fatigue crack once it reaches a 

critical length, changes direction, and propagates normal to the direction of maximum tensile 

stress. This critical length varies between metals but is usually less than 0.25 mm. Eventually, the 

stage II macrocrack propagates to the point where the fracture toughness of the steel is exceeded. 

This final failure is the stage III failure [39]. 

2.9 The ñUp and Downò Method for Determining Endurance Limit 

The ñUp and Downò method developed by Dixon and Mood is a method used to analyze 

data of experiments defined by success or failure relative to a critical value [40]. This method 

consists of setting an initial value close to the critical value and varying the test condition by a 

fixed interval based on the result of the previous test [40]. When applied to torsional fatigue 

testing, this translates to setting a shear stress amplitude value near the endurance limit as the 

initial value, Ű0, and either increasing or decreasing the shear stress amplitude by increment d 

based on whether the sample fails or goes to runout. For example, if a sample tested at Ű0 failed, 

the shear stress amplitude would be decreased by increment d to Ű-1. If the sample tested at Ű0 

went to runout, however, the shear stress amplitude would be increased by d to Ű1. The 

magnitude of d is constant regardless of shear stress amplitude. A schematic of the methodology 

is shown in Figure 2.13 [40], [41]. 

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

for data collected using the ñUp and Downò method, which was then applied to fatigue testing by 

Vilela Costa as described below [40], [41]. The modifications implemented by Vilela Costa were 

originally designed for bending fatigue but can be applied to torsional fatigue as well. This 
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method is only valid if the data set is normally distributed, and the number of successes and 

failures need to be close to each other, i.e., within one or two total tests. It is important to register 

the number of failures and runouts during testing as the calculations for endurance limit and 

standard deviation only utilize data from the event of less repetition. For example, if a sample set 

included 6 failures and 7 runouts, the endurance limit and standard deviation calculations would 

be based on the shear stress amplitude value of failures. However, if the sample set included 7 

failures and 6 runouts, the endurance limit and standard deviation calculations would be based on 

the shear stress amplitude value of the runouts. For this set of calculations, the lowest value of 

shear stress amplitude is designated as Ű0. The equations used are presented as 

Equations 2.13-2.17. To show how the ñUp and Downò method is applied to fatigue testing, 

consider a theoretical data set where the group of least repetition is the group of runouts, Ű0 = 

550 MPa, and only one runout occurred at this stress level. For the calculations, the index i of the 

lowest maximum shear stress amplitude is zero, and the frequency of runouts, indicated by ni, is 

one. This process is then repeated for all shear stress amplitude levels to calculate constants A 

and B, given by 

 A = ini (2.13) 

 

 B = Éni (2.14) 

needed to calculate endurance limit and standard deviation. The total number of tests in the 

group of less repetition is given by 

 . = ni (2.15) 

The average shear stress amplitude (ǲӶ), corresponding to the endurance limit, is then 

calculated using 

 ŰӶ = Ű0 + d
A

N
 Ñ 
1

2
 (2.16) 

The plus or minus sign corresponds to whether the analysis was performed using failures 

or runouts, respectively. The standard deviation (ů) is calculated using 
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 ů = 1.620d
NB-A

2

N2
 + 0.029 (2.17) 

Finally, Dixon and Mood originally claimed that a sample size of roughly 40 specimens 

was required to obtain statistically sound data using the ñUp and Downò method [40]. However, 

Lee and Taylor state that a sample size of 15 is suitable for the ñUp and Downò method 

developed by Dixon and Mood [41], [42]. 

 

Figure 2.13 Schematic of the ñUp and Downò testing methodology showing how shear stress 

amplitude is adjusted based off whether the sample fails or goes to runout, adapted from Vilela 

Costa [41]. 

2.10 Surface Microstructural Features that Affect Fatigue Performance 

This section focuses on non-martensitic transformation products (NMTP), prior austenite 

grain size (PAGS), and how these microstructural features affect the fatigue performance. 

2.10.1 Non-Martensitic Transformation Products 

Non-martensitic transformation products, or NMTP, are simply defined as any 

non-martensitic microstructure that forms during a heat treatment and quench process where a 

microstructure of martensite plus retained austenite is desired. These microstructures are 

typically pearlite, bainite, or a mixture of the two constituents, and in carburized steels are 

typically found at the surface of the steel that was exposed to the carburizing atmosphere [43], 

[44], [45], [46]. An example micrograph of near-surface NMTP in a vacuum carburized 4120 

steel is shown in Figure 2.14 [47]. 

In steels carburized using conventional gas carburizing processes, surface NMTP is 

typically observed in conjunction with surface intergranular oxidation (IGO). In most carburizing 
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steel grades, alloying elements such as Ni, Cr, Mn, and Mo are added to increase the 

hardenability of the steel and provide a more uniform case microstructure upon quenching. Two 

of these alloying elements, Cr and Mn, are strong oxide formers and, along with Si, react with 

the O2 and H2O in the gas carburizing atmosphere to form IGO. IGO formation and subsequent 

depletion of Cr, Mn, and Si from the matrix reduce the hardenability of the steel immediately 

adjacent to the IGO, thus resulting in formation of NMTP rather than martensite plus retained 

austenite upon quenching [43], [44], [45]. 

Surface NMTP is detrimental to fatigue performance primarily because of how NMTP 

formation affects residual stress. As discussed above, the primary reason surface hardening 

increases fatigue performance is the formation of compressive residual stresses at the surface of 

surface hardened parts due to the volumetric expansion associated with the austenite to 

martensite phase change [1], [2], [3]. Surface NMTP formation usually reduces the magnitude of 

the compressive residual stresses that result from said phase change since the volumetric 

expansion of the austenite to both ferrite/pearlite and bainite phase changes are less than the 

volumetric expansion of austenite to martensite phase change. In extreme cases, this reduced 

volumetric expansion can result in surface tensile residual stresses rather than compressive 

residual stresses [43], [44], [45]. Neither result is desirable, and both negatively affect fatigue 

strength. For example, Srinivasan et al. found that removing surface NMTP by polishing 

post-heat treatment improved the low cycle torsional fatigue life of a double-tempered 20MnCr5 

steel from 15,000 cycles to 25,000 cycles, an improvement of 66 pct [43]. 

 

Figure 2.14 Near-surface NMTP (dark etch response) observed in a vacuum carburized 4120 

steel [47]. 



23 

 

2.10.2 Prior Austenite Grain Size 

It is well known that controlling and refining austenite grain size is critical to achieve 

favorable mechanical properties of surface hardened steels. Many studies, a few of which are 

cited here, have shown a positive effect of austenite grain size refinement on fatigue resistance, 

and one study [48] determined that austenite grain size was the most important factor that 

correlated to fatigue resistance in carburized steels [48], [49], [50], [51], [52]. In some cases, 

refining PAGS can cause endurance limit to increase by 300 MPa or more [50], [51], [52]. 

Austenite grain size refinement is believed to increase fatigue resistance through reducing 

the susceptibility of the case microstructure to intergranular fracture. A refined microstructure is 

believed to be less susceptible to intergranular fracture as the intergranular fracture path is more 

tortuous with smaller grains [45], [51]. This increased resistance to intergranular fracture is 

important for fatigue performance in carburized steels as fatigue crack initiation in high strength 

microstructures is typically a result of intergranular fracture or inclusions. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

Subsections 3.4.1, 3.4.2, Figure 3.1, and Table 3.1 are based on excerpts, figures, and tables from 

a manuscript published in the Heat Treat 2023 Conference Proceedings* 

Benjamin H Tanous1, Kip O. Findley1, Robert L. Cryderman1, Emmanuel De Moor1, Jim 

Farago2, and Brian Marshall3. 

Subsection 3.6.8 in this Chapter is based on an excerpt from a manuscript accepted for 

publication in the IFHTSE World Congress 2024 Conference Proceedings* 

Benjamin H Tanous1, Kip O. Findley1, Robert L. Cryderman1, Emmanuel De Moor1, Jim 

Farago2, Chris Fantauzzi3, Brian Marshall3, and Robert C. Goldstein4 

This chapter presents the methods used for sample preparation, testing, processing, and 

examination in this study. Topics covered include as-received material, experimental matrix 

design, fatigue specimen design, carburizing and induction hardening heat treatment parameters, 

dimensional analysis methods, metallographic sample preparation and etchants, imaging 

techniques, and mechanical property measurement techniques. 

3.1 As-received Material 

The material for this study was produced by King Steel and provided by Nexteer 

Automotive. The steel grade chosen for this study was SAE 4121 modified with slightly higher 

chromium content than standard 4121 and is hereby referred to as 4121m. The chromium content 

of standard 4121 is defined as between 0.45 and 0.65 wt pct while the chromium content of the 

4121m is 0.84 wt pct, matching an industrially relevant modification. The composition of the 

4121m as provided by the material certification sheet is listed in Table 3.1. Concentrations of 

alloying elements are given in wt pct, except for hydrogen, which is given in parts per million 

(ppm). The material arrived from King Steel as 21 cylindrical bars in the as-hot rolled and 

______________________________________________________________________________ 

1Colorado School of Mines, Metallurgical and Materials Engineering, 
2Nexteer Automotive, Inc. 
3Inductoheat, Inc. 
4Fluxtrol, Inc. 

*See Appendix D for permissions and citations. 
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air-cooled condition, each with a length of 101.6 cm (40 in) and a diameter of 6.43 cm (2.53 in). 

All material was sourced from the same production heat to minimize production-related 

variables. 

Table 3.1 Composition of the 4121m Research Material in wt pct 

C Mn P S Si Cr Ni Mo 

0.19 0.87 0.009 0.010 0.33 0.84 0.11 0.20 

        

Cu Al Ca H (ppm) N O Pb ï 

0.22 0.028 0.0008 1.1 0.0181 0.0012 0.0010 ï 

 

SAE 4121, and subsequently 4121m, was chosen for this study for a few reasons. First, 

4121 has an appropriate carbon concentration for carburizing, along with good hardenability [1], 

[53]. The low carbon concentration of 4121 allows the core to retain toughness even after the 

case transforms to martensite during quenching following carburizing [1]. Further, 4121 also has 

good hardenability due to the presence of Mn, Cr, Mo, and Si alloying additions. The 

hardenability of steel is often measured using the ideal critical diameter, or DI, which is the 

diameter at which a steel will have a microstructure of 50 pct martensite and 50 pct pearlite after 

an ideal quench [53]. DI is typically presented in inches and is highly dependent on prior 

austenite grain size and alloying elements. Empirical studies have been performed to determine 

the multiplying factors of alloying elements on hardenability [53]. For example, 4121 with a 

prior austenite grain size of 7 has a minimum DI of 33.5 mm (1.32 in) from  

 DI = Maustenite grain size Ĭ MMn Ĭ MCr Ĭ MMo Ĭ MSi (3.1) 

 DI = 0.108 Ĭ 3.500 Ĭ 1.9720 Ĭ 1.60 Ĭ 1.105 = 33.5 mm (1.32 in) (3.2) 

where Mx is the hardenability multiplying factor for element or parameter x [53]. 

3.2 Experimental Matrix 

A total of six heat treatment combinations were examined in this study. The desire to 

examine this number of conditions was twofold: to ensure thorough evaluation of the effects of 

the induction hardening treatment and to provide insight to drive further industrial progress. The 

six conditions resulted from a combination of a carburizing case depth of 1 or 1.5 mm, with case 

depth defined as depth to 50 HRC, and an induction hardening case depth of 0, 2, or 3 mm, with 

case depth defined as depth to 40 HRC. These case depths were chosen primarily due to sample 
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geometry, which will be discussed in detail in Section 3.3. The samples had a diameter of 15.88 

mm at the center of the reduced area section and case depths deeper than 3 mm approach 

case/core ratios that are not representative of typical industrial processes [13]. 

3.3 Sample Design 

The sample geometry chosen for this study was originally designed by Dr. Lee 

Rothleutner for his Colorado School of Mines Ph.D. thesis [38]. The samples were designed to 

meet both the physical and testing constraints of the SatecÈ SF-1U Universal Fatigue Tester used 

for this study while simultaneously allowing for uniform induction hardening in the reduced 

area [38]. One modification was made to the sample design for this study, which was the addition 

of a 3.18 mm (1/8 in) diameter cross-drilled hole at 19.05 mm (3/4 in) from the end of one of the 

grip ends. This hole was intended to allow for by-wire hanging of the samples during carburizing 

with the intent of minimizing warping. The original sample drawing from Rothleutner, modified 

with the addition of the hole for and including dimensional and surface finish tolerances, is 

shown in Figure 3.1. All samples were machined at mid-radius of the stock material. 

 

Figure 3.1 Technical drawing of the torsional fatigue samples used for this study, adapted from 

Rothleutner [38]. 

3.4 Heat Treatment Parameters 

All heat treatments for this study were performed on the samples post-machining. The 

carburizing heat treatments were performed first, followed by the induction hardening treatments 

for the 2.0 mm and 3.0 mm induction hardened test conditions. 
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3.4.1 Carburizing Heat Treatments 

The carburizing heat treatments were developed by and performed at Nexteer Automotive 

in Saginaw, MI in an industrial-scale atmospheric carburizing furnace. The two carburizing 

processes were optimized for case depths of 1.0 mm and 1.5 mm, with case depth defined as 

depth to 50 HRC, and were verified using lab-scale carburizing setups and hardness traverses. 

Specifics of the process parameters are presented in Table 3.2. Carbon potential is presented in 

units of surface carbon concentration. After carburizing, all samples were cooled to room 

temperature, then furnace tempered at 182 ÁC for 1.5 hr. 

The original plan for the carburizing sample rigs was to hang the samples from racks 

using steel scrap stock and copper wire. A photograph of the sample rig with the samples in place 

is shown in Figure 3.2. While there were slight concerns as to whether the copper wire would fail 

in the industrial carburizing process, it was still chosen for the 1.0 mm case depth process due to 

the success of using copper wire in the lab furnaces during process validation. Despite double-

wrapping the copper wire for extra support, the copper wires failed during the first run and the 

samples spent an unknown amount of time piled at the bottom of the containment baskets. To 

avoid a repeat failure for the 1.5 mm case depth process, the setup was changed to balancing the 

samples vertically using grated baskets. This altered setup is shown in Figure 3.3. 

Table 3.2 Carburizing Process Parameters 

Process Step 1.0 mm 1.5 mm 

Boost Cycle Temperature, ÁC 927 927 

Boost Cycle Time, h 4.25 9 

Boost Cycle Carbon Potential, wt pct C 0.9 0.9 

Diffuse Cycle Temperature, ÁC 843 843 

Diffuse Cycle Time, h 2 2.5 

Diffuse Cycle Carbon Potential, wt pct C 0.8 0.8 

Quench Medium Hot Oil Hot Oil 

Quench Temperature, ÁC 121 121 
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Figure 3.2 Setup used to hang and contain the samples designated for the 1.0 mm case depth 

during carburizing. Photograph taken before processing. 

 

Figure 3.3 Setup used to support and contain the samples designated for the 1.5 mm case depth 

during carburizing. Photograph taken before processing. 

3.4.2 Induction Hardening Heat Treatments 

Induction heat treatments were developed by and performed at Inductoheat, Inc. in 

Madison Heights, MI using an industrial scale, manual loading induction heating system. All 

induction hardening treatments were performed post-carburizing. The two induction hardening 

processes were optimized for case depths of 2.0 mm and 3.0 mm, with case depth being defined 

as depth to 40 HRC. Single-shot induction heating was selected because it is more likely to 

uniformly heat the sample surface compared to scanning induction hardening, and the samples 

were rotated during heating. The process parameters for the two induction heat treatments are 

shown in Table 11.3. Following induction heating, the samples were allowed to cool to room 

temperature, then furnace tempered at 182 ÁC for 1.5 h. 
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Table 3.3 Induction Hardening Process Parameters 

Process Step 2.0 mm 3.0 mm 

Power, kW 114 84 

Nominal Peak Temperature, ÁC 975 975 

Time at Peak Temperature, s 1.49 2.63 

Frequency, kHz 29.2 22.4 

Quench Medium 6% Polymer Solution 6% Polymer Solution 

Quench Temperature, ÁC 32 32 

 

3.5 Dimensional Analysis 

Before the commencement of experimentation, dimensional analysis was performed 

using a dial indicator to quantify the degree of warping of the fatigue samples after heat 

treatment. Dial indicator measurements were obtained as the sample was rotated around the 

center axis. Three measurements were collected per sample: at the midpoint of the reduced area 

and in the grip sections at 10 mm from each end. To collect the measurements, the sample was 

held center-to-center in a lathe and slowly rotated by hand with the lathe in neutral gear. To 

guarantee the lathe centers were aligned properly, the dead center was machined out of a piece of 

scrap stock and not removed until completion. This ensured that, at a minimum, the dead center 

end was perfectly aligned with the axis of rotation of the lathe. 

3.6 Characterization 

Various techniques were employed during this study to examine the as-received material 

and heat-treated torsional fatigue specimens. This section describes the methodology and 

procedures for all metallography, macro-imaging, microscopy, and mechanical testing performed 

during this study. 

3.6.1 Metallographic Sample Preparation 

Samples for metallographic examination were sectioned using either a Kysor JohnsonÈ 

horizontal band saw for larger specimens or a LecoÈ MSX205 sectioning machine for smaller 

specimens. Samples were always sectioned from the midpoint of the gage length as this is where 

fatigue failures are most likely to initiate. After sectioning, the samples were mounted in Bakelite 

using a LecoÈ MX400 mounting press. For samples requiring edge retention, steel shot was 

added to the Bakelite. Grinding was performed over three steps at ANSI 300, 400, and 600 grit 
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using a LecoÈ PX500 autopolisher. Polishing was performed over four steps at 9 ɛm, 6 ɛm, and 

3 ɛm diamond suspension using silk polishing pads with the last step at 1 ɛm using an imperial 

polishing pad. Polishing was performed either automatically on a LecoÈ PX500 autopolisher or 

manually on a LecoÈ PX300 polishing wheel, depending on equipment availability, with both 

techniques providing comparable results. 

3.6.2 Etchants and Etching Techniques 

Two etchants were utilized during this study. A 2 pct nital etchant was used for 

microstructural characterization via light optical microscopy or scanning electron microscopy. 

The 2 pct nital etchant was made by adding 2 mL concentrated nitric acid to 98 mL methanol in a 

250 mL Erlenmeyer flask and thoroughly mixing using a glass stirring rod. Samples etched using 

the 2 pct nital etchant were immersion etched for 5-15 seconds, rinsed with methanol, and dried 

using a hot-air gun. The quality of etch was then examined using a light optical microscope, and 

the etching process was repeated as necessary until the desired contrast was achieved. 

A picric acid-based etchant was used for prior austenite grain size examination. This 

etchant was made by adding 5.5 g wet picric acid crystals, 8.5 mL TeepolÈ surfactant, and 

2 mL concentrated hydrochloric acid to 280 mL deionized water that was preheated to 65 ÁC. 

The etchant was magnetically stirred at 150 rpm on a hot plate both while the picric acid was 

dissolving and while the samples were etched. Once the picric acid crystals were completely 

dissolved, the etchant was ready for use. Samples etched using this etchant were preheated using 

a hot air gun, immersed in the etchant for 10-15 seconds, rinsed using methanol while swabbing 

with a cotton ball to remove excess corrosion products, and dried using the hot air gun. The 

samples were then back-polished using 1 ɛm diamond suspension to remove any excess 

corrosion products and further reveal the grain boundaries. This etch and back-polish process 

was repeated as necessary until the desired contrast was achieved. 

3.6.3 Light Optical Microscopy 

Light optical micrographs were collected using an OlympusÈ DSX500 digital optical 

microscope. Only bright field images were collected. Magnifications of between 300x and 1500x 

were used. Micrographs were collected in extended focus image (EFI) mode to ensure all areas 

of the image were in focus despite any possible minor imperfections in sample surface flatness. 

For each micrograph, two images were collected: one with all the microscope information and a 
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built-in scalebar from the DSX software, and one with just the image and no microscope 

information. The final micrographs were produced in ImageJ by using the micrograph with the 

DSX scalebar to set a global scale, then using an ImageJ macro to add a scalebar with increased 

legibility to the micrograph with no microscope information. 

3.6.4  Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used for both microstructural characterization 

and fractography. For microstructural characterization, a JEOLÈ 7000F field emission scanning 

electron microscope (FESEM) was used. Microscope settings used during image collection were 

an accelerating voltage of 15 keV, a probe current of 3 in the ñfineò range, and a nominal 

working distance of 10 mm. For each micrograph, two images were collected: one with all the 

microscope information and a built-in scalebar from the JEOLÈ software, and one with just the 

image and no microscope information. The final micrographs were produced in ImageJ by using 

the micrograph with the JEOLÈ scalebar to set a global scale, then using an ImageJ macro to add 

a scalebar with increased legibility to the micrograph with no microscope information. 

For micrographs used for fractography and fracture toughness, a TescanÈ S8252G SEM 

was used. Microscope settings used during image collection were an accelerating voltage of 20 

keV, a beam current of 1 nA, and a nominal working distance of 20 mm. Fractured specimens 

were sonicated in methanol for 10 minutes immediately prior to imaging to remove any surface 

contamination. Micrographs of the fatigue crack initiation, fatigue crack propagation, and 

overload failure zones for each heat treatment condition were collected at multiple 

magnifications ranging from 250x up to 2000x. For each micrograph, two images were collected: 

one with all the microscope information and a built-in scalebar from the TescanÈ software, and 

one with just the image and no microscope information. The final micrographs were produced in 

ImageJ by using the micrograph with the TescanÈ scalebar to set a global scale, then using an 

ImageJ macro to add a scalebar with increased legibility. 

3.6.5 Vickers Microhardness 

Vickers microhardness testing is a version of hardness testing designed to evaluate 

materials at scales smaller than what is possible with other bulk hardness measurement 

techniques. While originally designed for use on small components (watch gears, for example), 

modern applications of Vickers microhardness testing include hardness studies of individual 
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phases within a material and quantification of solute gradients in metallic and ceramic materials. 

The Vickers microhardness indenter is a pyramidal-shaped diamond indenter with an interfacial 

angle of 136Á, and the resulting indent cross-sections from this indenter are square shaped. Once 

an indent is made, the Vickers microhardness value can be calculated using 

 HV = 1854.4
P

d
2

 (3.3) 

where P is the magnitude of the test load and d is the length of the corner-to-corner diagonal of 

the indent. P is measured in gram force, and d is measured in micrometers. The final Vickers 

microhardness value has units of kgf/mm2, though it is often presented as HV for 

convenience [54]. 

 Vickers micro-hardness testing was used to quantify the radial hardness gradients from 

the surface across the carburized and induction cases to the core. Vickers micro-hardness was 

selected due to needing closely spaced indents at precisely determined depths. Before testing, 

samples were mounted in Bakelite, ground, and polished following the procedure outlined in 

section 3.6.1. An indenter load of 500 gf was used. Measurements began at a depth of 250 ɛm 

from the surface, and subsequent measurements were taken in a straight line towards the core at 

250 ɛm intervals down to 4 mm, well past the deepest defined case depth of 3.0 mm. Three total 

traverses were collected per sample at approximately 0Á, 120Á, and 240Á to account for any 

localized hardness variations, leading to a total of 48 indentations taken per sample. 

3.6.6 Carbon Gradient Analysis 

Carbon gradients were collected at Nexteer Automotive in Saginaw, MI using a LECOÈ 

C/S Analyzer. Heat treated fatigue samples were turned on a lathe, and turnings were collected 

every 0.1 mm for analysis to a total depth of 2.5 mm. Lubrication and coolant were not used 

during turning to avoid contamination.  

3.6.7 Prior Austenite Grain Size Measurements 

Prior austenite grain size (PAGS) measurements were collected at the surface of one 

sample of each heat treatment condition. Before testing, samples were mounted in Bakelite with 

steel shot, ground, polished, and etched with the picric acid-based etchant following the 

procedures outlined in sections 3.6.1 and 3.6.2. Micrographs were collected at multiple points 

around the circumference of the cross section to account for any local variation in 
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microstructure, and at least 500 total grains were analyzed per condition according to ASTM 

standard E-112 [55]. PAGS analysis was performed using a publicly available MATLABÈ code 

titled ñgrain and particle analysis with the line intersect methodò [56]. 

3.6.8 X-Ray Diffraction Residual Stress Measurements 

X-Ray residual stress measurements were performed at Caterpillar Inc. in Mossville, IL 

using a ProtoÈ iXRD 01 X-Ray diffractometer. Measurements were collected at 0.5 mm 

increments starting at the surface of the sample, including a measurement at 0.05 mm to account 

for machining stresses, to a maximum depth of 4 mm. 11 scans were collected per depth using 

both positive and negative beta angles, i.e. angles relative to the normal direction from the 

sample surface. A Cr-KŬ source was used to measure the lattice spacings of the (211)Ŭ peak. Cr is 

an ideal source for residual stress measurements in steels due to the high sensitivity of the 

corresponding (211)Ŭ peak position to lattice spacing when using a low energy source and a high 

angle peak [36]. Data fitting and correction was performed using Caterpillarôs internal 

procedures. 

3.6.9 Torsional Fatigue Testing 

Torsional fatigue testing was performed on a SatecÈ SF-1U universal fatigue tester. The 

SF-1U is a load amplitude controlled test frame with a maximum alternating (dynamic) load of 

4450 N, maximum preload (static load) of 4450 N, a maximum displacement amplitude of 

12.7 mm, frequency of 30 hz, and, for this study, an R-ratio of 0.1 to preserve the fracture 

surfaces of the samples [38]. Photographs of the SF-1U (a) and torsion fixture (b) are shown 

below in Figure 3.4. 

To ensure an accurate test, the heat-treated fatigue samples were cleaned before testing to 

prevent slip within the grips due to surface oxide formation and carbon residue left over from 

carburizing. The first stage of cleaning was lightly grinding the grip ends of each sample with 

240 and 320 grit sandpaper to effectively remove the bulk of the carbon residue and oxides. 

During grinding, the reduced area was protected with painterôs tape. Additionally, the samples 

were cleaned in a methanol bath for 10 minutes in a sonicator immediately prior to testing. 
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(a) 

 

(b) 

Figure 3.4 SF-1U (a) universal fatigue tester and (b) torsion fixture [38]. 

3.6.10  Fracture Toughness 

Fracture toughness calculations were performed on three samples per condition using 

SEM fractographs, with each sample selected having been tested at a different stress amplitude. 

The fracture toughness calculation methodology selected for this study assumes a semi-elliptical 

surface crack loaded in tension [57]. This assumption is appropriate because the maximum 

tension principal stress is the principal stress responsible for overload failure in torsional loading 

and all fractured samples in this study were surface initiated. Measurements of the crack depth, 

b, and half-crack width, a, were collected according to the schematic shown in Figure 3.5. 



35 

 

 

Figure 3.5 Semi-elliptical surface fatigue crack schematic [57]. 

Fracture toughness was then calculated according to 

 KI = M Ā 
ůmaxЍ́b

E(k)
 (3.4) 

where ůmax is the maximum applied tensile stress, b is the crack depth, M is a stress intensity 

magnification factor related to crack geometry, and E(k) is defined as 

 Ek = 1-
a2-b

2

a2
sin
2
ɗdɗ

ˊ
2

0

 (3.5) 

which simplifies to  

 Ek= 
ˊ

2
-
ˊ(a2-b

2
)

4a2
 (3.6) 
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developed and performed the induction hardening heat treatments and provided project feedback. 
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and Brian Marshall of Inductoheat, Inc. developed and performed the induction hardening heat 

treatments and provided project feedback. Rob Goldstein of Fluxtrol, Inc. provided thermal 

modeling for the induction hardening profiles that is presented in Appendix A. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Subsections 4.1, 4.2, Figure 4.5, and Subsection 4.5.1 are based on excerpts figures, and tables 

from a manuscript published in the Heat Treat 2023 Conference Proceedings* 

Benjamin H Tanous1, Kip O. Findley1, Robert L. Cryderman1, Emmanuel De Moor1, Jim 

Farago2, and Brian Marshall3. 

Subsections 4.5.2, 4.5.3, and 4.7 are based on excerpts and figures from a manuscript accepted 

for publication in the IFHTSE World Congress 2024 Conference Proceedings* 

Benjamin H Tanous1, Kip O. Findley1, Robert L. Cryderman1, Emmanuel De Moor1, Jim 

Farago2, Chris Fantauzzi3, Brian Marshall3, and Robert C. Goldstein4 

This chapter presents the results of this study and is divided into subsections, with each 

subsection focused on a specific testing or characterization method. These subsections include 

post-heat treatment dimensional analysis, radial hardness testing, carbon gradient profiles and 

case depth analysis, microstructural characterization of the as-received and heat treated material, 

prior austenite grain size (PAGS) analysis, non-martensitic transformation product (NMTP) 

analysis, torsional fatigue testing, residual stress vs depth profiles, a fracture study of fractured 

torsional fatigue specimens, and a discussion of the most significant factors affecting fatigue life. 

Additionally, the samples are identified based on the heat treatment history. For example, a 

sample carburized to 1.5 mm and induction hardened to 3.0 mm is part of the 1.5-3.0 group. 

4.1 Post-Heat Treatment Dimensional Analysis 

Before any mechanical property or microstructural characterization was performed, 

dimensional analysis was conducted on every torsional fatigue sample to characterize the 

average magnitude of warping for each heat treatment condition. The dial indicator magnitude 

measurements were arranged by heat treatment condition, sorted into groups based on  

______________________________________________________________________________ 
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2Nexteer Automotive, Inc. 
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4Fluxtrol, Inc. 

*See Appendix C for permissions and citations. 
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magnitude, and then the distribution of the groups was plotted to allow for easy comparison 

across heat treatment conditions. The groups used for distribution analysis are presented in 

Figure 4.1 and are as follows: measurements less than or equal to 127 ɛm (5 thousandths of an 

inch) were grouped in Range 1 in green, measurements greater than 127 ɛm (5 thousandths of an 

inch) but less than or equal to 254 ɛm (10 thousandths of an inch) were grouped in Range 2 in 

yellow, measurements greater than 254 ɛm (10 thousandths of an inch) but less than or equal to 

508 ɛm (20 thousandths of an inch) were grouped in Range 3 in orange, and measurements 

greater than 508 ɛm (20 thousandths of an inch) were grouped in Range 4 in red. While specific 

values for individual samples are not presented, important observations were made through 

analyzing the distributions of the magnitudes for each condition. 

 

Figure 4.1 Torsional fatigue sample straightness measurement distributions. Measurements less 

than or equal to 127 ɛm (5 thousandths of an inch) were grouped in Range 1 in green, 

measurements greater than 127 ɛm (5 thousandths of an inch) but less than or equal to 254 ɛm 

(10 thousandths of an inch) were grouped in Range 2 in yellow, measurements greater than 254 

ɛm (10 thousandths of an inch) but less than or equal to 508 ɛm (20 thousandths of an inch) were 

grouped in Range 3 in orange, and measurements greater than 508 ɛm (20 thousandths of an 

inch) were grouped in Range 4 in red. 

Two important trends are observed. First, the 1.0-0, 1.0-2.0, 1.5-0, and 1.5-2.0 heat 

treatment conditions all have similar distributions. These four conditions have similar 

percentages of measurements in Ranges 1 through 3, and none of these conditions have any 
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measurements in Range 4. Second, the two 3.0 induction hardened conditions have a larger 

percentage of measurements in Range 3, with the 1.0-3.0 condition having a small percentage of 

measurements in Range 4 and the 1.5-3.0 condition having a substantial percentage of 

measurements in Range 4. Carburizing is known to cause warping during treatment [13], and the 

deeper induction hardened conditions displaying a higher degree of warping could be indicative 

of either warping resulting from induction hardening or deeper induction hardening treatments 

exacerbating deformation caused by carburizing. 

4.2 Radial Hardness Testing 

Radial hardness profiles were collected from the center of the reduced area from one 

sample of each heat treatment condition. These profiles are plotted in Figure 4.2. Three data 

points were measured per depth at 120Á apart from each other to account for localized hardness 

variations, and each of the three data points is plotted for the given depth to give an overall 

representative hardness plot. In addition to the individual hardness profiles, the hardness profiles 

are plotted together in Figure 4.3 to facilitate easier comparison between conditions.  

Multiple observations can be made from the hardness data. First, the 1.0-0 and 1.5-0 

conditions have a higher minimum hardness of around 360 HV in the core compared to around 

260 HV in the core of the 1.0-2.0, 1.0-3.0, 1.5-2.0, and 1.5-3.0 conditions. This lower core 

hardness in the carburized plus induction hardened conditions can likely be attributed to 

excessive heating of the core of the induction hardened samples as revealed by the thermal 

modeling from Inductoheat (see Appendix A). Second, each of the 1.5 mm carburized conditions 

show a shallower hardness gradient from 250 ɛm up to 2 mm compared to the 1.0 mm 

carburized conditions. This shallower gradient is interpreted to be due to the 1.5 mm carburized 

conditions having a shallower carbon concentration gradient as the 1.5 mm carburized samples 

obtained a deeper case depth using boost-diffuse carburizing process parameters with the same 

surface carbon potentials, which resulted in an identical surface carbon concentration as will be 

discussed in section 4.3. Finally, it is observed in both 2.0 mm induction hardened conditions 

that the hardness reaches a minimum at a point just beyond the defined case depth before 

increasing again closer to the core. This hardness valley is believed to be the result of a minor 

autotempering effect happening in martensite that forms in the heat affected zone just past the 

defined induction case depth. 
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(f) 

Figure 4.2 Hardness gradients for (a) 1.0-0, (b) 1.0-2.0, (c) 1.0-3.0, (d) 1.5-0, (e) 1.5-2.0, and (f) 

1.5-3.0 heat treatment conditions. 
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Figure 4.3 Average hardness traverses for all six heat treatment conditions. 

4.3 Carbon Gradient Profiles and Case Depth Analysis 

The carbon concentration gradients collected at Nexteer Automotive for the 1.0 mm and 

1.5 mm as-carburized conditions are shown in Figure 4.4. The points at 0.3 mm and 0.8 mm for 

the 1.0 mm condition should be ignored as they are likely higher from organic 

contamination [58]. 

Total case depth was evaluated using the chemical definitions described in 

section 2.3 [17]. The measured base material carbon concentration is 0.19 wt pct, so the total 

case depth according to the first chemical definition corresponds to 0.23 wt pct C. This carbon 

content is not achieved in either condition before 2.5 mm, indicating that the total case depth is 

deeper than 2.5 mm for both conditions. Herring states that a commonly used estimation of 

effective case depth is to multiply the total case depth by two thirds [16]. Using the two thirds 

approximation for the shallow condition results in an effective case depth of approximately 

1.7 mm, which is deeper than the defined effective case depth for the deeper condition using the 

hardness definition. 

The effective case depth was also evaluated using the chemical definitions described in 

section 2.3 [17]. The chemical effective case depth definition states that the effective case depth 

is the depth at which the carbon concentration equals 0.4 wt pct. According to this definition, the 

effective case depth of the 1.0 mm process is about 1.7 mm and the effective case depth for the 

1.5 mm condition is approximately 1.95 mm. 
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The main observation when evaluating the case depth using the chemical definitions is 

that a deeper case depth was likely achieved compared to what was indicated by the hardness 

profiles. If the carburized case is deeper than anticipated, it could change the shape of the 

residual stress profiles and resulting fatigue strength gradient of the samples, altering the surface 

compressive residual stresses and in turn the fatigue life of the samples. 

Table 4.1 Summary of Both Hardness and Chemical Case Depth Measurements 

Condition 
Case Depth,  

Hardness (mm) 

Total Case Depth, 

Chemical (mm) 

Effective Case Depth, 

Chemical (mm) 

1.0-0 1.0 mm Greater than 2.5 mm 1.7 mm 

1.5-0 1.5 mm Greater than 2.5 mm 1.95 mm 

 

 

Figure 4.4 Carbon concentration gradients resulting from the two carburizing processes. 

4.4 Microstructural Characterization of As-Received Material 

Microstructural characterization of the as-received material was performed using LOM. 

Samples were sectioned from the mid-radius point of the as-received material, and the hardness 

of the as-received material is 214 Brinell according to the material certification sheet. 

Micrographs were prepared in the rolling and transverse directions and etched using the 2 pct 

nital etchant. The resulting two micrographs are shown in Figure 4.5. Both directions exhibited a 

multiphase microstructure consisting of ferrite and upper bainite. Additionally, the microstructure 

in the rolling direction exhibited significant banding. One of the bands can be seen in the rolling 

direction micrograph in Figure 4.5 (a) just above the mid-point. A low-magnification micrograph 

of the rolling direction highlighting the extent of banding is also shown in Figure 4.6 (a).  
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In addition to the examination with 2 pct nital etchant, both samples were reprocessed 

and etched with the picric acid-based etchant to better reveal any pearlite that might not have 

exhibited a strong etching response to the 2 pct nital etchant. The etching response for both 

etchants was similar, indicating minimal pearlite. The rolling direction micrograph processed 

with the picric acid-based etchant is shown in Figure 4.6 (b). 

 
(a) 

 

 

 

 

 

 
(b) 

Figure 4.5 Light optical micrographs of the as-received microstructure of the 4121m steel in the 

rolling (a) and transverse (b) directions, 2 pct nital etch. 

 
(a) 

 
(b) 

Figure 4.6 Micrographs revealing additional details about the as-received microstructure of the 

4121m. (a) shows the extent of banding in the rolling direction, 2 pct nital etch, and (b) shows 

the similar etching response of the 4121m to the picric acid-based etchant, indicating minimal 

pearlite. 
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4.5 Microstructural Characterization of the Heat-Treated Material 

This section discusses LOM and SEM microstructural characterization and analysis 

performed on the heat-treated fatigue specimens. 

4.5.1 SEM Imaging 

Since the samples in this study were processed with at minimum one surface heat 

treatment, SEM micrographs were captured at specific depths to elucidate the complex nature of 

the overall microstructure profile of the heat-treated fatigue specimens. All micrographs were 

collected in the rolling direction. To ensure micrographs were obtained at the proper depths, 

fiducial indents were added using the LECOÈ AMH55 Automated Hardness Indenter. These 

depths are 0.5 mm from the surface (Figure 4.7), the nominal depths at which the carburizing 

(Figure 4.8) and induction hardening case depths (Figure 4.11) were defined, halfway between 

the nominal carburizing case depth and nominal induction hardening case depth, i.e. the area of 

the induction hardened case not affected by carburizing (Figure 4.10), and the core (Figure 4.9). 

All microstructures examined in this study were predominantly martensitic or bainitic, 

often being a combination of the two. Tempered plate martensite (TM) was the primary 

microstructure observed in the case of the carburized plus induction hardened conditions (Figure 

4.7 and Figure 4.8, parts b, c, e, and f). In the as-carburized conditions (1.0-0 and 1.5-0, Figure 

4.7 and Figure 4.8, parts a and d), packets of lath martensite (LM) were observed. Lath 

martensite in these conditions consists of finely sized, parallel laths. Upper bainite (UB) was 

observed in small fractions starting either in the core just beyond the carburized case depth of the 

as-carburized conditions (Figure 4.9, parts a and d) or the induction hardened case deeper than 

the defined carburized case depth of the carburized plus induction hardened conditions (Figure 

4.10). The core microstructure of all conditions is primarily upper bainite (Figure 4.9). Bainite 

decomposition was observed in the core microstructures of the carburized plus induction 

hardened conditions (Figure 4.9, parts b, c, e, and f) and this decomposition effect is believed to 

be a result of excessive re-heating of the core during induction hardening (see Appendix A). 

Retained austenite (RA) was also observed between ferrite crystals in the upper bainite 

microstructure at the defined induction hardened case depth (Figure 4.11) and in the core (Figure 

4.9) for all heat treatment conditions. Finally, spherical manganese sulfide (MnS) inclusions 

were observed across all depths and heat treatment conditions. 
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(f) 

Figure 4.7 SEM micrographs of the (a) 1.0-0, (b) 1.0-2.0, (c) 1.0-3.0, (d) 1.5-0, (e) 1.5-2.0, and 

(f) 1.5-3.0 heat treatment conditions at 0.5 mm from the surface, 2 pct nital etch. The as-

carburized conditions (parts a and d) are primarily lath martensite and the carburized plus 

induction hardened conditions (parts b, c, e, and f) are primarily plate martensite. Contrast was 

lightly increased to enhance details. 
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(b) 

 
(e) 

 
(c) 

 
(f) 

Figure 4.8 SEM micrographs at the defined carburized case depth of the (a) 1.0-0, (b) 1.0-2.0, (c) 

1.0-3.0, (d) 1.5-0, (e) 1.5-2.0, and (f) 1.5-3.0 heat treatment conditions, 2 pct nital etch. The 

microstructure for all conditions is primarily plate martensite, though pockets of lath martensite 

are observed in the as-carburized conditions (parts a and d). 
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(b) 

 
(e) 

 
(c) 

 
(f) 

Figure 4.9 SEM micrographs of the core microstructure of the (a) 1.0-0, (b) 1.0-2.0, (c) 1.0-3.0, 

(d) 1.5-0, (e) 1.5-2.0, and (f) 1.5-3.0 heat treatment conditions, 2 pct nital etch. All conditions 

exhibit a predominantly upper bainitic microstructure with bainitic decomposition observed in 

the carburized plus induction hardened conditions (parts b, c, e, and f). 
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(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 4.10 SEM micrographs of the induction hardened case that was not affected by 

carburizing of the (a) 1.0-2.0, (b) 1.0-3.0, (c) 1.5-2.0, and (d) 1.5-3.0 heat treatment conditions, 2 

pct nital etch. Each condition exhibits a predominantly plate martensitic microstructure, though 

small fractions of upper bainite are observed in (a), (b), and (d) and large fractions are observed 

in (c). 
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(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 4.11 SEM micrographs at the induction hardening case depth of the (a) 1.0-2.0, 

(b) 1.0-3.0, (c) 1.5-2.0, and (d) 1.5-3.0 heat treatment conditions, 2 pct nital etch. Each condition 

exhibits a mixed microstructure of plate martensite and upper bainite. 

Two major observations can be made when comparing microstructures at different depths 

along with identical locations between different heat treatment conditions. First, the martensite 

that forms in the 1.0-0 and 1.5-0 conditions (Figure 4.7 and Figure 4.8, parts a and d) is finer 

than the martensite that forms in either the previously carburized region (Figure 4.7 and Figure 

4.8, parts b, c, e, and f) or the exclusively induction hardened region of the carburized and 

induction hardened samples (Figure 4.10 and Figure 4.11). However, the martensite in the 

carburized and induction hardened samples appears to have a greater degree of tempering due to 

the presence of more visible carbides. For example, see the as-carburized conditions in Figure 

4.8 parts a and d compared to the carburized plus induction hardened conditions in Figure 4.8 




































































































