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ABSTRACT  

Induction hardened components rely heavily on both the hard martensite formed in the case during 

processing and the corresponding compressive residual stresses to improve fatigue performance of a component.  In 

this study, 1045, 4145, and 1060 steel alloys were characterized and fatigue tested with cantilever bending in the as 

hot-rolled, normalized, or quenched and tempered conditions.  The alloys were induction hardened to achieve either 

ñlowò or ñhighò case depths. Post-induction hardening characterization included residual stress depth profiles, 

microhardness traverses, and microstructure analysis in the as-processed and run-out at the endurance limit (1.5x10
7
 

cycles) conditions.  The experimentally determined endurance limits were found to scale first by core microstructure 

with ferrite/pearlite microstructures exhibiting the lowest endurance limits followed by bainitic microstructures and 

finally tempered martensite microstructures.   Within the tempered martensite core microstructures of the 1045 and 

4145 conditions, the endurance limit was found to increase by increasing the core hardness.  Fatigue testing 

elucidated the competing crack nucleation mechanisms (i.e. microstructural feature versus inclusion controlled crack 

nucleation).  Fatigue cracks only nucleated from microstructural features in the 1045 normalized low and high case 

depth condition as well as the 4145 hot rolled high case depth condition.  However, fatigue cracks nucleated from 

both inclusions and microstructural features in the 1045 quenched and tempered low and high case depth, 4145 hot 

rolled low case depth, 4145 quenched and tempered low case depth, and 1060 normalized conditions.  The 

microstructural feature responsible for crack nucleation in some conditions was characterized with advanced 

microscopy utilizing a focused ion beam (FIB) and electron backscattered diffraction (EBSD).  Characterization of 

the 1045 normalized condition revealed a ferritic region with fatigue induced deformation substructure in the crack 

nucleation area.  The crack nucleation region in the 4145 hot rolled condition was associated with the bainitic 

microstructure.  Because of the prominence of inclusions nucleating fatigue cracks in some conditions, extreme 

value statistical (EVS) analysis was undertaken based on an inclusion survey of the 1045, 4145, and 1060 alloys.  

By combining EVS analysis with a fracture mechanics methodology, the endurance limit of the induction hardened 

samples was conservatively estimated within 5-15 pct. of the experimentally determined endurance limits.  A 

Woodvine analysis, modified by incorporating residual stress, was also performed by comparing the local fatigue 

resistance based on the local microhardness to the effective stress (applied stress plus the residual stress).  The 

modified Woodvine model successfully predicts the nucleation locations of fatigue cracks observed during fatigue 

testing and provides insight on the effects of case depth, selection of core microstructures, and residual stress on 

fatigue resistance.   
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CHAPTER 1: INTRODUCT ION 

Induction hardening is quick, cost effective, and allows for repeatable high through-put of samples with a 

very reliable low maintenance setup.  Induction hardening exhibits significant advantages of other surface hardening 

methods also.  The short time between heating and quenching minimizes decarburization or significant grain growth 

of the steel, and parts are produced with limited distortion.  Low alloy steel can be effectively induction hardened to 

produce substantial improvements in wear and fatigue performance without the addition of expensive alloying 

elements, and induction hardening equipment is also very versatile in that it can be used for either case or through 

hardening heat treatments as well as selectively hardening only critical regions.  Axisymmetric or near axisymmetric 

parts are ideal for induction hardening, but more complex non-symmetric geometries can also be induction 

hardened.   

Any metal can be induction hardened, but ferromagnetic materials (e.g. iron or steel) are especially 

responsive to induction hardening.  Ferromagnetic materials respond well to induction heating because both 

hysteresis and eddy current losses can contribute to heating in a part, depending on the frequency of the induction 

hardening operation.  Induction hardening is a complex interaction between electromagnetism and heat transfer.  As 

the workpiece heats up, there are magnetic, resistive, and temperature changes that cause the induction hardening 

process to be a complex transient problem from the start of heating to the quenching process induction hardening is 

different from other case hardening methods in that there is no chemical change at the surface of the part after 

induction hardening unlike surface hardening treatments such as carburizing or nitriding.  Instead, induction 

hardening relies exclusively on phase transformations to create a wear resistant case and compressive residual 

stresses at the surface.  The resulting martensitic case as well as the compressive residual stresses improve the wear 

and fatigue life of induction hardened components significantly over non hardened components.   

Fatigue performance of induction hardened parts are dependent on several factors including the pre-

induction hardened microstructure, induction hardening parameters, post-induction hardened microstructure, and 

residual stresses.  Therefore, the goal of this project, building upon previous induction hardening projects at the 

ASPPRC [1ï4], is to develop interrelationships among these factors to better understand the optimization of 

induction hardening processes for fatigue performance.  

1.1 Research Objectives 

The scope of the project is to examine the fatigue response of three alloys as a function of their initial 

microstructure after induction hardening to produce approximately the same case depth in each condition.  Induction 

hardening has been performed to obtain a low and high case depth for two steel alloys (1045 and 4145).  The third 

steel alloy, 1060, was induction hardened to achieve two case depths; high-1 and high-2.  The high-1 case depth is 

meant to be consistent with the high case depth of the 1045 and 4145 conditions, while the high-2 case depth is 

significantly deeper than the high case depth of the 1045 and 4145 conditions.  The initial heat treatments of the 

steel alloys are normalized (N) and quenched and tempered (Q&T) for the 1045 steel, as-hot rolled (HR) and Q&T 
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for the 4145 steel, and N for the 1060 steel.  Microstructural characterization, residual stress analysis, and modeling 

approaches are all employed to determine relationships between starting microstructure, induction hardening, and 

fatigue behavior.  The main research objectives of this study are as follows: 

1. Evaluate the effect of starting microstructure and composition on the fatigue behavior of three alloys that 

have been induction hardened to achieve similar case depths.   

2. Determine the competing crack nucleation mechanisms as a function of composition, prior microstructure, 

and case depth. 

3. Model inclusion populations using extreme value statistical analysis (EVS) coupled with a fracture 

mechanics methodology to estimate the fatigue endurance limits utilizing hardness, residual stress, and 

specimen geometry.   

4. Develop models that incorporate residual stress profiles, case depth, prior microstructure, local hardness, 

and crack nucleation mechanisms to predict fatigue life of the induction hardened specimens.   
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CHAPTER 2: BACKGROUND  

In this chapter, the fundamentals of induction hardening are covered along with a short discussion of 

hysteresis losses, eddy currents, and heat transfer during the induction hardening process.  Rapid austenitization and 

residual stress development in steels during induction hardening are also discussed.  The effect of alloy selection and 

specifically carbon content on hardness after induction hardening is addressed.  The origin of inclusions in steel and 

their effects on mechanical properties are also reviewed.  The method of characterizing inclusion populations by 

extreme value statistical (EVS) analysis and determining the endurance limit based on the EVS analysis is also 

introduced.   

 

2.1 Fundamentals of Induction Hardening 

Induction hardening is quick, cost effective, and allows for repeatable high through-put of samples with a 

very reliable low maintenance setup, and there are significant advantages over other surface hardening methods.  

The short time between heating and quenching does not allow sufficient time for decarburization or significant grain 

growth of the steel, and there is little to no distortion of the part from the heat treatment operation.   

Low alloy steel can be effectively induction hardened to produce substantial improvements in wear and 

fatigue performance without the addition of expensive alloying elements, and induction hardening equipment is also 

very versatile in that it can be used for either case or through hardening heat treatments as well as selectively 

hardening only critical regions.  Axisymmetric or near axisymmetric parts are ideal for induction hardening, but 

more complex non-symmetric geometries can also be induction hardened.   

Induction hardening is different from other case hardening methods in that there is no chemical change at 

the surface of the part after induction hardening unlike surface hardening treatments such as carburizing or nitriding.  

Instead, induction hardening relies exclusively on phase transformations to create a wear resistant case and 

compressive residual stresses at the surface.  The resulting martensitic case as well as the compressive residual 

stresses improves the wear and fatigue life of induction hardened components significantly over non hardened 

components.   

Any metal can be induction hardened, but ferromagnetic materials (e.g. iron or steel) are especially 

responsive to induction hardening due to their ferromagnetic properties.  Ferromagnetic materials respond well to 

induction heating because both hysteresis and eddy current losses can contribute to heating in a part, depending on 

the frequency of the induction hardening operation (Figure 2.1).   

Induction hardening is a complex interaction between electromagnetism and heat transfer.  There are 

magnetic, resistive, and temperature changes that cause the induction hardening process to be a complex transient 

heat transfer problem from the start of heating to the quenching process as shown in Figure 2.2.   
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Figure 2.1 Heat contribution from eddy currents and hysteresis losses below the Curie temperature as a 

function of frequency [5]  

 

 

Figure 2.2 Scanning coil induction hardening schematic demonstrating heat input from the induction coil as 

well as the heat losses from radiation, convection, and conduction. 

2.1.1 Overview of the Induction Hardening Process 

The basic induction hardening set-up involves the use of a water cooled copper conductor that surrounds 

the workpiece.  Copper coils are used to minimize resistive heating from the high alternating current, and the coil is 

water cooled to prevent melting due to the high power input. Several examples of induction coil/workpiece 

configurations are shown in Figure 2.3.  Induction hardening can be conducted with scanning coils or multiturn 

coils.  Induction hardening configuration design is also versatile; for example, a single surface can be heated or just 

the inner diameter of a tube.   
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(a) (b) 

Figure 2.3 Typical induction coil to workpiece configuration with the magnetic field lines shown for each 

configuration [6] 

 

Either single shot (stationary) or scanning (progressive) induction hardening processes are possible with the 

water cooled copper coil configuration.  Single shot induction hardening is usually conducted with a multiple turn 

coil where the coil and sample do not move relative to each other (Figure 2.3a).  Scanning induction heating 

involves holding the sample stationary and moving the coil up or down the workpiece at a constant scan speed 

(Figure 2.3b).  The main advantage of a scanning coil is that the power input to the workpiece is concentrated into a 

single coil which can allow for faster heating rates and shallower case depths depending on the size of the power 

source available for hardening.  Additionally, the scanning induction coils can have either an integrated quench ring, 

which is incorporated into the coil and allows for immediate quenching of the material after heating, or an external 

quench ring separate from the scanning coil, which can allow for a greater flow rate of quenchant on the sample.  

Single shot coils do not have integrated quench rings and instead rely on an external quench set-up to quench the 

sample after heating.  During both single shot and scanning induction of axisymmetric geometries, the workpiece is 

constantly rotating during the heating process to ensure even heating.   

The induction hardening generator power and frequency specification varies by manufacturer and model 

but can range from 10 kW to 1 MW using alternating current at frequencies of 0.1 kHz to greater than 200 kHz 

depending on the desired case depth and type of induction heating [6ï9] (Figure 2.4).  As shown in Figure 2.4, 

single shot hardening is usually conducted using higher power than scan hardening because the entire section to be 

hardened must be heated at once, rather than progressively, which requires greater power.  The frequency range at 

which scan hardening is conducted is also more variable than single shot hardening, and the power input trends 

downward as the scan hardening frequency increases.  As the frequency increases in scan hardening, the total power 

input into a part is concentrated into a smaller area, so less power is needed to effectively austenitize the part.   
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Figure 2.4 Typical frequency and power settings for four different types of induction heating applications 

[10]. 

2.1.2 Hysteresis Losses, Eddy Currents, and Heat Transfer 

Induction hardening is a complex interaction of both electromagnetic radiation as well as heat transfer.  

During the heating cycle, there are two types of heating that a ferromagnetic material (e.g. steel) undergoes: 

hysteresis and eddy current loss (Figure 2.1).  Hysteresis losses dominate at frequencies less than approximately 60-

70 kHz [5] and are caused by the rapid change of magnetic fields due to the alternating current in the induction coil.  

The changing magnetic field causes the domains in the ferromagnetic steel to rapidly change, which results in a 

hysteresis in the magnetization versus magnetic field strength behavior as shown in Figure 2.5.  The magnitude of 

the power dissipated into the workpiece is the area encompassed within the hysteresis curve [5ï9, 11].  As the 

frequency of the alternating current of the induction coil is increased, the hysteresis curve contracts until the forward 

and reverse responses are the same, and thus the power input from hysteresis losses decreases and is surpassed by 

eddy current losses. 

 
Figure 2.5 Typical hysteresis curve for a ferromagnetic material where B is the total magnetic field and H is 

the externally applied magnetizing field [12]. 
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Eddy current heating, also known as Joule heating, is the primary form of heat input into a workpiece at 

frequencies greater than 70 kHz [5].  Eddy currents are caused by local magnetization of the workpiece, which 

causes magnetic eddies to develop within the material.  The eddies dissipate their energy into the surrounding 

material, resulting in heating of the workpiece.  For thin sheets, assuming the magnetic field is uniform and the 

material is homogeneous, the power input into a workpiece due to eddy current losses can be described by [13]: 

 

ὖ  
“ὄὨὪ
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 (2.1) 

where Bv is the peak magnetic flux density, d is the thickness of the sheet, f is the frequency, ɟ is the resistivity of the 

material, and D is the density of material.  Thus, the power input into a workpiece increases with increases in the 

frequency and magnetic field strength and decreases as the resistivity of the material increases.  Since the magnetic 

field during induction hardening of a ferromagnetic material is not uniform throughout the thickness of the part, the 

depth of heating is less than the thickness.  This depth of heating is called a skin effect and can be predicted by [8]: 

 

‏
ρ
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where ŭ is the penetration depth (m), f is the frequency (Hz), ɛr is the relative magnetic permeability (unitless), and ů 

is the electrical conductivity (S/m).  The penetration depth is the distance from the surface into the workpiece at 

which the current is 37% and the power density is 14% of the current and power at the surface of the part (63% of 

the current and 86% of the power is contained in the penetration depth) [6ï9, 11].  Equation (2.2) can be further 

simplified to: 
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where ŭ is the penetration depth (in or cm), ɟ is resistivity (ɋ-in or ɋ-cm), ɛr is the relative magnetic permeability 

(unitless), and f is frequency (Hz) [7].  The relative magnetic permeability is a ratio of the magnetic permeability (ɛ) 

of the material over the permittivity of free space (ɛo) and is given by [12]: 

 

‘
‘

‘
 (2.4) 

The induction heating response of a ferromagnetic workpiece changes once the material passes through the 

Curie temperature, the temperature at which the material switches from ferromagnetic to paramagnetic behavior.  In 

steel, the Curie temperature is 770 ºC irrespective of carbon content. Above the Curie temperature, the relative 

magnetic permeability becomes unity and the penetration depth increases dramatically as shown in Figure 2.6.  This 

increase in the penetration depth of the workpiece can result in overtempering of the core microstructure during 

hardening and longer heating times required for deep case depths because of the more diffuse heating through the 

austenitized layer. 
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Figure 2.6 Penetration depth, ŭ, as a function of temperature for a plain carbon steel demonstrating the 

dramatic increase in penetration depth above the Curie temperature. 

 

 

 
Figure 2.7 Current distribution at the start and end of an induction heating cycle in carbon steel. 

 

 

Adding to the complexity of induction hardening is that all three types of heat transfer occur during 

processing: conduction, convection, and radiation.  Heat is constantly conducted from the hot surface to the cooler 

core, so additional heat input is required to achieve the desired temperature (such as the austenitization temperature); 



9 

furthermore, heat conduction into the interior can over-temper the microstructure at the case/core interface.  Heat is 

also lost to the environment through radiation and to a lesser extent through convection.  Heat loss is a major factor 

in determining the total heat input into the workpiece.  During quenching, convection draws heat from the surface 

and conduction draws heat to the surface.  However, heat also conducts to the core of the workpiece until the surface 

of the workpiece has been cooled to the ambient temperature, at which point heat is then conducted from the warmer 

core to the cooler surface.  The heat conduction processes can result in a small amount of auto tempering of the 

workpiece but usually only if the workpiece and case depth are sufficiently large. 

2.1.3 Alloy Content and Carbon Content Selection of Induction Hardened Steel 

As previously stated, induction hardening, unlike other case hardening methods relies exclusively on the 

formation of martensite with no composition change to produce a hard fatigue resistant case and compressive 

residual stresses at the surface of the part.  Because induction hardening relies on transformation of the case to 

martensite, carbon and alloy steels in the carbon content range of 0.4-0.5 wt. pct. C are especially suited for 

induction hardening (Figure 2.8).  This carbon range allows for the high hardness (55-60 HV) required for wear and 

fatigue resistance, but generally avoids the problems associated with higher carbon content steel, such as quench 

cracking and tempered martensite embrittlement (Figure 2.9).  However, carbon and alloy steels with carbon 

contents outside of the 0.4-0.5 wt. pct. range are commonly used in industrial induction hardening processes.  If 

lower carbon steel is used, then a lower surface hardness and resulting wear resistance must be accepted.  If a higher 

carbon content is used (C > 0.55 wt. pct.), precautions should be taken to ensure that quench cracking of the surface 

does not occur.   

 

 

 

Figure 2.8 Hardness range for steel with different carbon contents as well as the typical hardness range for 

carburized components [14, 15] 
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Figure 2.9 Schematic showing the ductile fracture region and quench-embrittlement regions as a function of 

tempering temperature and carbon content [16]. 

 

2.2 Rapid Austenitization and Hardenability of Steel Microstructures 

Induction hardening relies on rapid austenitization of the microstructure during the short heating cycle.  

Austenite can nucleate at ferrite grain boundaries, adjacent to spheroidized carbides, or within pearlite colonies 

Figure 2.10 shows nucleation at these various sites.  Growth of the austenite grain into the pearlite is very rapid due 

to the abundance of carbon from the cementite and the correspondingly short diffusion distances into the 

interlamellar ferrite.  Figure 2.11 demonstrates how an initial austenite grain will grow within pearlite.  Due to the 

slow dissolution of carbides, additional austenite grains can nucleate within the same pearlite colony.  If, however, 

the austenite is to grow into the ferrite, carbon must diffuse from the cementite, which results in much slower 

austenite growth.  Because diffusion is relatively sluggish compared to the short heating time, an ideal 

microstructure would have a fine dispersion of carbides throughout the microstructure to allow for rapid 

austenitization.  For this reason, a coarse spheroidized microstructure has been shown to be the slowest and least 

responsive to induction hardening [2].  Previous work at the ASPPRC demonstrated that an as-quenched 

microstructure responds the best to induction hardening followed by a quenched and tempered microstructure [2].  

Depending on the heating rate and the final temperature achieved during induction hardening, the austenite formed 

can either be homogeneous or inhomogeneous based on carbide dissolution.  If the carbides within an austenite grain 

do not entirely dissolve, the austenite is considered inhomogeneous and has a lower carbon content than 

homogeneous austenite would.  The lower carbon content of the austenite reduces the propensity for quench 

cracking [16].  However, because fully homogeneous austenite would require an almost infinite amount of time to 

form, the microstructure is still considered homogeneous even if very small carbides are present.   
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Figure 2.10 Austenite nucleation sites in three different microstructures.  Note the close proximity of the 

nucleation sites in the pearlite starting microstructure [16]. 

 

 
 

 

Figure 2.11 Austenite nucleation at the start of the nucleation and growth process in a pearlite colony (top 

schematic), and later within the austenite grain at remaining carbides [16]. 

 

Plain carbon steels (i.e. 10xx series) have limited amount of hardenability.  Hardenability is the depth or 

maximum diameter where a 50% martensitic structure can be achieved; it is expressed as an ideal diameter and can 

be calculated for any alloy content using ASTM A255-10 ñStandard Test Methods for Determining the 

Hardenability of Steelò [14].  The use of alloying elements, such as Ni, Mo, Mn, and Cr increases the hardenability 

of steel (Figure 2.12).  By increasing the hardenability of an alloy greater case depth depths can be achieved due to 

the increased time allowed to remove heat from the workpiece by quenching.  In addition to alloying to improve 

hardenability, microalloy additions of Nb, V, Al, and Ti can be used to form carbides and nitrides that retard grain 

growth during the austenitizing process and improve the tempering response of the material, which may improve 

mechanical performance.   
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Figure 2.12 (a) Multiplying factors for various alloying elements to determine hardenability [16]. 

2.3 Residual Stress and its Effects on Mechanical Properties 

Residual stresses can be beneficial or detrimental depending on the residual stress profiles in the material 

after final processing.  If the residual stresses at the surface are tensile, they are considered detrimental to the fatigue 

and most other mechanical properties of a component.  If, however, the residual stresses at the surface of the part are 

compressive, the residual stresses are considered beneficial.  Induction hardening generally produces a favorable 

residual stress profile that is compressive at the surface and tensile in the core [10].   

Residual stresses arise during induction processing due to the volume difference between austenite, ferrite, 

and martensite (Figure 2.13).  The larger the volume change upon the decomposition of austenite, the greater the 

tensile or compressive residual stresses.  Differences in thermal contraction between the surface and core also results 

in residual stress.  An example cooling path for an induction hardened component is shown in Figure 2.14 

superimposed on a TTT diagram.  During induction hardening, the outside of the part heats and transforms to 

austenite, but the core may or may not reach a sufficient temperature to partially or fully austenitize.  Upon 

quenching, heat extraction is the greatest in the case, so it is the first to transform from austenite to martensite. The 

phase transformation results in a local increase in volume.  The core, on the other hand, does not cool as rapidly and 

instead generally forms non-martensitic phases such as bainite, ferrite, or pearlite from austenite.   The resulting 

residual stress profile due to the surface transformation to martensite and the core transformation to a non-

martensitic product is compressive at the surface and tensile at the core.  Residual stresses rely on the ability of the 

core to elastically deform to accommodate the expansion of the case from the martensite transformation.  Because 

residual stresses are due to elastic strains, any plastic deformation at the surface of the part due to excessive volume 

expansion will not only reduce fatigue life due to the possibility of cracking but also reduce the resulting 

compressive residual stresses.  
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Along with residual stresses due to phase transformations, thermal contraction and expansion can also 

cause residual stresses to form in a sample.  An example temperature profile due to water quenching and the 

corresponding residual stresses developed during quenching are shown in Figure 2.15 [17].  Upon commencement 

of quenching, the surface of the part (S) cools much more rapidly than the center of the part (C), which initially 

creates significant thermal stresses and results in tensile residual stresses at the surface of the part.  However, at the 

end of the quenching process the surface of the part is in compression and the core is in tension.   

 

Figure 2.13 Specific volume of steel phases as a function of carbon content [18] 

 

 

Figure 2.14 TTT diagram and resulting residual stress profile for an induction hardened steel component 

[18]. 
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Figure 2.15 Development of thermal residual stresses during water quenching of a 100 mm diameter steel bar 

from 850 ºC.  Stresses from the transformation of the microstructure were not considered [17]. 

 

Because residual stresses can affect fatigue performance so greatly, there is a need to quantify the 

magnitude of the residual stress in a processed component.  Therefore, many techniques such as x-ray diffraction 

[10, 18], neutron diffraction [19], the contour method [20], and the slitting (crack compliance) method [21] have 

been developed to determine residual stresses in a component.  Of these four techniques for residual stress 

determination, x-ray diffraction is the most common.  The x-ray diffraction depth profile is accomplished by 

chemical polishing or machining with chemical polishing into the surface of the sample and retaking measurements 

at each target depth.   

X-ray diffraction (XRD) methods rely on the deviation of the crystal lattice from the unstressed state.  The 

d-or interatomic spacing of the lattice will increase due to tensile residual stresses and decrease due to compressive 

stresses.  The d-spacing is calculated from Braggôs law [12]: 

 
‗ ςὨ ὛὭὲɡ (2.5) 

where ɚ is the wavelength of the characteristic x-ray radiation, d is the interplanar spacing, and Ū is the angle 

between the incident beam (x-ray source) and the horizontal axis or the angle between the diffracted beam and the 

horizontal axis. 

Though Braggôs law can be used to obtain residual stress values, the preferred method is the sin
2
ɣ method 

[18].  This method utilizes a single theta angle and relies on rotation of the sample relative to the x-ray source and 

detector.  Using a Cr-KŬ target, the ideal 2-theta angle for ferrous alloys is 156 degrees (d-spacing of 0.117 nm) 

[18].  Several ɣ angles, the rotation angle of the specimen relative to the x-ray beam (Figure 2.16), are then selected 

such as 0, 20, 29, and 36.3, which corresponds with sin2ɣ values of 0, 0.1170, 0.2340, and 0.3505 respectively [18].  

These angles are considered ideal because they are uniformly spaced as sin
2
ɣ values.  The strain (Ůűɣ) at each of the 

sin2ɣ values is then measured while holding ű constant.  These values are then plotted as shown in Figure 2.17.  By 
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graphing sin
2
ɣ versus Ůűɣ and with knowledge of Poissonôs ratio (ɡ) and the elastic modulus (E) for the material of 

interest, the two principal stresses ů1 and ů2 can be determined as shown in Figure 2.17 [18].  Using elasticity 

equations, the third principal stress, ů3, can also be determined.   

 

Figure 2.16 Schematic showing the basic geometry for stress measurements by x-ray diffraction adapted from 

Ref [18]   

 

 

Figure 2.17 Sin
2
ɣ method of determining residual stress, adapted from Ref [18]. 
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During cyclic loading, any plastic deformation of the part will result in relaxation of the residual stresses 

[22ï24].  The higher the cyclic plastic strain amplitude the more relaxation of the residual stresses will occur.  For 

example, in an induction hardened medium carbon steel (Figure 2.18), the as-processed residual stress profile 

(Figure 2.18a) is compressive in the case with some relaxation at the surface and transitions to tensile in the core.  

After cycling above the endurance limit (Figure 2.18b), relaxation of the residual stresses is observed due to plastic 

deformation of the component [24].  With continued cycling above the endurance limit, the residual stresses 

continue to relax which increases the probability of a fatigue failure at the surface.  Cycling below the endurance 

limit (Figure 2.18c), however, initially does not appear to shift the residual stress profile up to 10
4
 cycles.  Continued 

cycling leads to a relaxation in the residual stress profile similar to the relaxation observed in Figure 2.18b.  

Therefore, residual stress appears to relax when cycled, but relaxes much faster above the endurance limit than 

below.     

 

 

  

(a) (b) 

 

 

 (c) 

Figure 2.18 Residual stress relaxation observed in a medium carbon induction hardened steel (a) before 

stressing, (b) stressing above the endurance limit, and (c) stressing below the experimentally 

determined endurance limit of 663 MPa [24] 
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2.4 Inclusion Origins and their Effects on Mechanical Properties 

There are two types of inclusions present in steel; exogenous and endogenous [25].  Many of the inclusions 

in steel are considered composite inclusions and can be comprised of one or more of the following elements: Mn, S, 

Ca, Al, Mg, and O.  The size, morphology, and chemical composition of an inclusion can dramatically affect the 

mechanical properties of steel [26, 27].   

2.4.1 Origin of Inclusions in Steel  

There are multiple types of inclusions that can be present in steel.  The specific type of inclusion depends 

on processing conditions (e.g. aluminum versus silicon killed, etc.), composition of the steel alloy, and type of 

casting (i.e. continuous case versus ingot cast).   

Exogenous inclusions originate from outside of the steel melt and come from either slag, dross, flux 

residues, or pieces of the mold [25].  These types of inclusions do not generally have a well-defined size distribution 

and can be considered to be the most detrimental to mechanical performance because of their sporadic and 

unpredictable size and composition.  Endogenous (indigenous) inclusions originate from chemical reactions inside 

the steel melt itself [25].  These inclusion types generally follow a log-normal size distribution [28] and can be 

modeled using properties of the log-normal distribution or with extreme values statistical analysis.  Endogenous 

inclusions are typically made up of all or some of the following elements: manganese, sulfur, aluminum, 

magnesium, silicon, calcium, and oxygen.  Common inclusion compounds include but are not limited to: MnS, 

Al 2O3, MgO, CaS, CaO, SiO2, and MnCaS. 

The exact make-up of the layers of inclusions depends on the elements available to form the inclusion and 

the standard enthalpy or free energy of formation of each compound [29, 30].  The standard heat of formation (ȹHf
º
) 

for the compounds listed above are shown in Table 2.1 in the order in which they are expected to nucleate during 

solidification.  Often inclusions with lower magnitudes of ȹHf nucleate on previously formed inclusions. An 

example of the order of formation of layered inclusions is shown in Figure 2.19 and Figure 2.20. 

Aluminum and silicon killed steels are expected to have fine dispersions of Al2O3 and SiO2 inclusions, 

respectively, due to the deoxidation reactions.  These inclusions act as nucleation sites for other inclusions during 

solidification of the ingot.  Examples of the inclusions observed in aluminum killed steels are shown in Figure 2.21 

 

 

Table 2.1 ï Enthalpy of Formation for Common Inclusion Compounds at Standard Temperature (25ºC) and 

Pressure. (100 kPa) [31] 

Compound Name Chemical Composition ȹHf
º
 (kJ/mol) 

Alumina (Corundum) Al 2O3 -1675.5 

Silicon Dioxide (Quartz) SiO2 -910.9 

Calcium Oxide CaO -634.9 

Magnesium Oxide MgO -601.6 

Calcium Sulfide CaS -482.4 

Manganese(II) Sulfide MnS -214.2 
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Figure 2.19  Schematic diagram of layered inclusion, formed due to differences in ȹHf of the inclusion 

compounds [29]. 

 

  

Figure 2.20 Backscattered SEM image of an inclusion observed in a calcium treated steel specimen (upper 

left) with wavelength dispersive spectroscopy (WDS) x-ray elemental analysis. The white areas 

indicate the presence of the element [32]. 

. 

 

Figure 2.21 Schematics of the inclusion types expected in aluminum killed steels.  Adapted from Ref [33] 
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2.4.2 Effects of Inclusions on Mechanical Properties 

The effects of inclusions on mechanical properties generally depends on the size of the inclusion, thermal 

expansion coefficient, modulus of elasticity, and deformability of the inclusion [27].  Mechanical properties become 

more degraded as inclusion size increases.  Murakami [27] demonstrated that by essentially eliminating inclusions in 

a super clean electron beam remelted bearing steel, the fatigue failure mode switched from inclusion dominated 

crack nucleation to microstructural feature dominated crack nucleation.  In other words, the weakest link in the 

microstructure switched from inclusions to a microstructural feature in the super-clean steel. Elastic properties of 

inclusions and steel are listed in Table 2.2, and the effects of coefficient of thermal expansion and Youngôs modulus 

mismatch are summarized in Table 2.3.   

 

Table 2.2 ï Values of Thermal Expansion, Youngs Modulus, and Poissonôs Ratio for Several Common Inclusion 

Types as well as Carbon Steel for Reference [27], [34], [35] 

Compound Name 
Chemical 

Composition 

Coeff. of Thermal 

Expansion, Ŭ x 10
-6
/ºC 

(0 ~ 800ºC) 

Youngs Modulus, E 

(GPa) 

Poissonôs Ratio, 

ɜ 

Manganese Sulfide MnS 18.1 69 ~ 138 ~0.3 

Calcium Sulfide CaS 14.7   

Spinel MgO-Al 2O3 8.4 271 0.260 

Alumina Al 2O3 8.0 389 0.250 

Manganese Oxide MgO 13.5 306 0.178 

Carbon Steel  11.9 207 0.292 

 

 

Table 2.3 ï Summary of the Effects of Coefficient of Thermal Expansion and Youngôs Modulus Mismatch [27] 

Inclusion/Metal Property 

Difference 
Effect of the Difference Resulting Effect on Crack Nucleation 

Ŭinclusion > Ŭmetal Inclusion shrinks more than the matrix 
Radial stress at the inclusion/metal 

interface is tensile 

Ŭinclusion < Ŭmetal Metal shrinks more than the inclusion 
Circumferential stress at the 

inclusion/metal interface is tensile 

Einclusion > Emetal Inclusion is more rigid than metal 
Crack initiation at the inclusion/metal 

interface 

Einclusion < Emetal Metal is more rigid than inclusion Crack initiation in matrix 

 

If the coefficient of thermal expansion (Ŭ) of the inclusion is greater than the steel matrix, the inclusion 

shrinks more than the matrix, and a tensile radial stress at the inclusion/metal interface is created (only if the 

inclusion is bonded to the matrix).  If the inclusion thermal expansion coefficient is less than the metal, then the 

metal shrinks more than the inclusion, which results in tensile circumferential stresses in the steel at the 

inclusion/metal interface [27].  In essence, any thermal expansion mismatch results in tensile stress components 

around the inclusion, which is detrimental to the mechanical properties of the steel.  It is believed that the 

circumferential stresses at the inclusion/metal interface (Ŭinclusion < Ŭmetal) are the most detrimental to mechanical 

properties [27]. 
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Differences in the Youngôs modulus of the inclusion and metal may also be detrimental to mechanical 

properties.  If the Youngôs modulus of the inclusion is greater than the metal, the more rigid inclusion does not 

deform as much as the metal during forming operations, which can lead to crack initiation at the inclusion/metal 

interface.  Non-deformable inclusions can also lead to void formation around the inclusion during rolling (Figure 

2.21).  Manganese sulfides and calcium sulfides, on the other hand, are less rigid than the steel matrix and are 

considered deformable inclusions.  Thus, MnS and CaS inclusions are considered much less detrimental to 

mechanical properties than oxide inclusions. 

A summary of the effects of oxides (Al2O3-CaO and Al2O3), TiN, and sulfide (MnS and CaS) particles on 

the fatigue properties of a 52100 steel are shown in Figure 2.22a in a plot of inclusion harmful index versus 

inclusion size [27].  The figure was created by observation of low cycle fatigue lives as a function of inclusion type 

and size in 52100 steel samples tested in rotating bending fatigue.  Each number of the harmful index represents a 

reduction of the endurance limit by 125 MPa at 10
8
 cycles.  The endurance limit at 10

8
 cycles was determined by 

extrapolation of the finite life fatigue data shown in Figure 2.22b.  Due to the deformable nature of the MnS and CaS 

inclusions, the largest inclusion types observed at the fatigue crack nucleation region of the 52100 steel are oxide 

type inclusions, the largest of which are globular Al2O3-CaO oxides.  Therefore, if sufficient bar reduction is 

achieved, the main concern to mechanical properties are the oxide inclusions.  

 

 

 

(a) (b) 

 

Figure 2.22  (a) Reduction in fatigue life for various inclusion types and sizes (harmful index times 125 MPa is 

the amount of reduction in fatigue life at 10
8
 cycles) with the endurance limit determined by 

extrapolation of low-cycle fatigue life shown in (b) [27]. 

 

2.5 Extreme Value Statistical (EVS) Analysis 

Fatigue performance can be strongly influenced by the largest inclusions in a given sample [26, 36].  

Extreme value statistics (EVS) is a method employed by many authors to determine the largest inclusion in a 
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volume of material [37ï42] or to infer properties about a material based on the largest estimated inclusion in a given 

area or volume [27, 43ï49].   

EVS analysis begins with polished cross-sections of the material in its final hot or cold worked state, prior 

to or after machining (Figure 2.23a).  According to ASTM E2283-08 ñStandard Practice for Extreme Value Analysis 

of Nonmetallic Inclusions in Steel and Other Microstructural Featuresò [50], a minimum area of 150 mm
2
 should be 

inspected per sample and a total of 3600 mm
2
 or twenty-four samples should be inspected for a complete analysis. 

The number of sample inspection areas (Figure 2.23b) per sample can differ depending on the size and frequency of 

inclusions in the material of interest [37].  Inspection areas are generally obtained between 100 and 1000 times 

magnification and can be acquired either with a scanning electron microscope (SEM) or an optical microscope.  If 

the inclusions are to be classified based on composition/type, energy dispersive spectroscopy (EDS) can also be 

used.  Whatever the size/magnification defined for a field of view selected, the largest inclusion in the field is 

recorded and tabulated until a final viewing area of 3600 mm
2
 has been examined.  The selected viewing area should 

also yield at a minimum twenty-four data points for the EVS analysis (minimum viewing area of 150 mm
2
).  Most 

EVS analyses seek to predict only the largest inclusion irrespective of chemical make-up [27, 38ï49, 51], but recent 

inclusion analysis has begun to differentiate between different inclusion types and related the EVS analysis to the 

overall endurance limit [37].   

To determine the largest inclusion in a critical area or volume, the inclusion data from the sample 

inspection areas must first be ranked from smallest to largest, indexed (j = 1 to N), and the square root of each 

inclusion area must be calculated [27, 50].  Additionally, a Gumbel distribution, which is a limiting form of the 

generalized EVS equation, must be assumed as a best fit distribution for the square root transform of the inclusion 

data.  For this method, there are three functions that are plotted on the ordinate axis versus square root of inclusion 

area as shown in Figure 2.24 [27]; cumulative frequency (F(%)), reduced variate (yj), and return period (T).  The 

cumulative frequency (cumulative distribution function) is given by  

 

ὊϷ
Ὦz ρππ

ὔ ρ
 (2.6) 

and is the probability of finding an inclusion less than or equal to a certain size in a given sample view [52, 53].   

The reduced variate (yj) is given by  
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and can be derived by taking the double log of the cumulative distribution function (CDF) of a Gumbel distribution,  
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where Õ and ɓ are the location and scale parameters, respectively [53].  The return period is determined by the ratio 

of the critical area of interest (S) to the sampling area (So) and is given by  

 
Ὕ ὛȾὛ (2.9) 

The return period is used to determine the expected maximum size of an inclusion in an area/volume of interest 

given the inclusion population in the inspection area.   
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Figure 2.23 Example of (a) sample used for EVS analysis, (b) sample inspection area, and (c) largest inclusion 

in a sample view [27]. 

 

 

Figure 2.24 Extreme value statistical analysis of S45C steel [27]. 

To utilize EVS analysis to determine the largest inclusion, the parameters µ and ɓ, can be estimated by 

three different analytical methods: simple linear regression (SLR), methods of moments (MOM), or the maximum 

likelihood (ML) method [50].  SLR fitting of the reduced variate (yj) and the square root area data is the simplest 

method to estimate the parameters.  However, the SLR model can overemphasize the largest inclusions when 

regression analysis is performed.  The MOM and ML methods are more accurate regression approaches in that they 

do not overemphasize the outliers in the data.  The MOM calculation utilizes Equations (2.10)-(2.14) [50], where N 

is the total number of inspection areas, Li is diameter of the largest inclusion in each field (can also be the maximum 

feret diameter), Sdev is the standard deviation of the diameter data, and ɓMOM and ɛMOM are the estimators of the 

parameters in Equation (2.8).  The third, and most accurate, method to fit the data is the ML method.  The ML 
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method relies on an iterative solver to maximize Equation (2.14) to determine the values of ɓML and µML, and the 

initial values used for the solver are obtained by the MOM calculation.  Using a solver to maximize Equation (2.14) 

results in the most likely estimates of ɓML and µML. 
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Once the parameters µ and ɓ are estimated, a return period must then be determined using either the area or 

volume method previously stated.  The maximum inclusion expected for a given return period can be obtained by 

combining the SLR and Equations (2.7) and (2.9) or by using the ML estimators and Equation (2.9) and 

 

MLML
T

T
area mb +öö

÷

õ
ææ
ç

å
ö
÷

õ
æ
ç

å -
--=

1
lnln  (2.15) 

Another development in EVS analysis is the transformation of a 2-dimensional inclusion analysis to a 

3-dimensional inclusion analysis so that a critical volume of material can be analyzed, not just a critical area.  The 

transformation is accomplished by determining a ñdepthò to the 2-dimensional analysis by combining 

 ä= Nareah j /max,
 (2.16) 

and 

 
oo ShV Ö=  (2.17) 

where h is the estimated thickness of the inspection volume, N is the number of fields examined, Vo is the standard 

inspection volume, and So is the 2-dimensional inspection area (Figure 2.25) [27].  

  

(a) (b) 

Figure 2.25 (a) Two-dimensional sample inspection area (So) and the (b) extrapolated inspection volume (Vo) 

[27]. 
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It should also be noted that the EVS method is not the only method to determine the largest inclusion 

expected in a given area/volume of material.  Other researchers have utilized a generalized Pareto distribution 

(GPD) [54ï58] to determine the maximum inclusion size.  The GPD has some desirable features such as the ability 

to include a minimum inclusion threshold size in the distribution, and the distribution tends towards an asymptote or 

maximum inclusion size as the return period becomes very large.  This distribution has been suggested to be more 

representative of an actual volume of material since the EVS analysis allows the inclusion size to increase with no 

upper bound.  However, for the small sample area/volume of the samples used in this study, either distribution can 

be used.   

2.6 Fatigue Crack Nucleation and Endurance Limit Estimation 

Fatigue failure occurs in metals that are subject to repeated or fluctuating stress often well below the yield 

strength of the material [26, 59].  These failures are particularly insidious because most design methodologies are 

based on the yield strength of a material and there is little to no plasticity accompanying a fatigue failure, which 

provides little warning of the imminent failure of a component.  Assuming the material contains a population of pre-

existing flaws, the time or cycles to failure depends on the geometry of the fatigue crack, applied and residual 

stresses, ȹKth, and local microstructure surrounding a crack.  The applied load ratio, R-ratio, on a part is:  
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where ůmin and ůmax are the minimum and maximum applied stresses and Kmin and Kmax are the minimum and 

maximum stress intensity factors.  In most stress-life (S-N) plots, the endurance limit is expressed as the stress 

amplitude which is defined as: 
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and can be easily related back to the R-ratio.   

The ability to propagate an existing fatigue crack depends heavily on the factors mentioned above; 

however, initiation of a fatigue crack must occur before propagation if there is not a population of pre-existing 

flaws.  Fatigue cracks can nucleate from features in the microstructure such as inclusions or hard, brittle phases, or 

they can form due to intense slip damage in localized regions.  The stress intensity factor required to propagate a 

nucleated fatigue crack is termed the threshold stress intensity factor, ȹKth.  As the R-ratio is increased, the ȹKth 

required to propagate a fatigue crack decreases as shown in Figure 2.26.  One proposed model for the threshold 

stress intensity factor for an inclusion in a homogeneous material is [27]: 
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where HV is the local Vickers hardness and area is the cross-sectional area of the inclusion or defect of interest.  This 

relation can be used to determine the critical flaw area for a given system if the experimental ȹKth is known. 
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Figure 2.26 Typical range of stress intensity threshold values (ȹKth or ȹKo) for a variety of material systems 

and R-ratios [59]. 

The endurance limit of some materials is entirely controlled by the inclusion population within the material 

[27, 51, 54].  Murakami [27] outlines a procedure to estimate the endurance limit based on knowledge of the 

inclusion population and the hardness of the material.  Other authors have used this analysis to conduct similar 

evaluations of other material systems [27, 47ï49, 51].   

The determination of the endurance limit from the inclusion population is based on the assumption that an 

inclusion represents a pre-existing crack in the material and the stress at the endurance limit equals the stress at 

which the stress intensity at the largest inclusion within a critical volume exceeds ȹKth.  The endurance limit 

estimation derivation begins by utilizing the stress intensity for a penny shaped crack in an infinite body [60]: 

 
ὑ πȢφυ„Ѝ“z ὥ (2.21) 

where KImax is the stress intensity associated with the applied stress range, ůo is the applied stress, and a is the crack 

length.  Then, crack length is approximated by assuming the cross-sectional area of the inclusion is equivalent to a 

penny-shaped crack, which results in:  
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Additionally, a relationship between the stress intensity threshold required to initiate a fatigue crack (ȹKth) and 

material hardness was determined from an empirical fit of multiple homogeneous ferrous and non-ferrous systems 

(Figure 2.27) with different starting surface crack geometries including notches, holes, cracks, and Vickers indents 

to obtain [27]: 

 

ὑ ὅρὌ ὅς ЍὥὶὩὥ (2.23) 
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where C2 and C3 are assumed to be constants independent of material, while C1 is empirically fit from experimental 

data.  Using the constants C1, C2, and C3 derived by Murakami [27], assuming fully reversed bending, R = -1 (ȹůo 

= 2ůo), and combining Equation (2.22) and (2.23), the endurance limit can be estimated as: 
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where ůe is the endurance limit of the material (MPa), C4 is 1.56 for a subsurface inclusion, 1.41 for an inclusion 

that is just subsurface (touching), and 1.43 for a surface inclusion (Figure 2.28).  Hv is the Vickers hardness at the 

surface of the material, and óareaô is the maximum inclusion size as determined by EVS analysis.  Alternatively, by 

rearranging Equation (2.24) the inclusion area required for crack nucleation can be estimated using only the 

hardness and the stress at the nucleation location: 

 ЍὥὶὩὥ
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(2.25) 

 

Figure 2.27 Linear regression fit for ȹKth versus square root óareaô for multiple ferrous and non-ferrous 

systems [27]. 

 
  

(a) (b) (c) 

Figure 2.28 Three types of inclusions for endurance limit calculations: (a) surface inclusion, (b) near surface 

(touching) inclusion, and (c) subsurface inclusion [27]. 

Using the EVS analysis to predict the largest inclusion size within a critically stressed area/volume of 

material and Murakamiôs equation for a subsurface fatigue crack nucleation in homogeneous materials (Equation 

2.24) with the appropriate material hardness, several researchers [27, 43, 47, 49, 51] have predicted the endurance 

limit, with various levels of success.  Murakami et al. [48] showed that the fatigue limit for SAE 10L45 steel alloy 

can be accurately predicted using EVS analysis to predict the size of the crack nucleating inclusion, but the 

endurance limit prediction becomes non-conservative as the hardness of the material increases.  Zhang et al. [49] 

demonstrated that endurance limit predictions were conservative when EVS analysis was employed for a modified 
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43CrMo steel.  Choi et al. [43, 47] are among the few that have applied this approach to predict the endurance limit 

of induction case hardened steels; they showed that predictions of endurance limit utilizing EVS analysis to predict 

inclusion size are non-conservative for induction hardened 1.05Cr-0.23Mo steel.   

One aspect of these models that has not been fully addressed is the effect of residual stress on the 

endurance limit and the inclusion size determined by EVS analysis.  For non-surface hardened parts, the EVS 

analysis coupled with Murakamiôs relations for surface, near surface, and subsurface inclusions have resulted in 

accurate predictions of the endurance limit for steel components.  However, there is a discrepancy between the 

inclusion size estimated by EVS analysis and the inclusion size at the experimental fatigue crack nucleation location.  

Equation (2.24) was used to compare the calculated inclusion size to the experimentally observed inclusion size at 

the crack nucleation location from multiple studies in literature [27, 48].  Though the calculated and actual 

endurance limits are generally in good agreement, the calculated inclusion size (Equation (2.24)), based on the 

hardness of the material and the stress at the nucleation location, is often smaller than the actual inclusion size 

observed at the fatigue crack nucleation location.  The actual inclusion size observed at the nucleation location 

divided by the estimated inclusion size from Equation (2.24) for a variety of hardness values and steel alloys is 

shown in Figure 2.29.  A value of one is perfect agreement between actual and estimated inclusion sizes.  The 

majority of the actual inclusion sizes at the nucleation location are larger than the estimated inclusion sizes.  Of the 

surface initiated flaws, 72% of 86 samples analyzed had an inclusion at the nucleation location that was larger than 

the estimated size, while 82% of 88 samples with subsurface nucleated failures had actual inclusion areas greater 

than the estimated inclusion areas.  Since the endurance limits were accurately predicted, the implication is that the 

ȹKth value used in the predictions are also underestimated along with inclusion size.  Another possibility may be 

that a larger driving force for crack propagation than ȹKth may be necessary for inclusions since they initially are at 

least partially bonded to the material and generally do not have a sharp crack geometry.   

 

Figure 2.29 Ratio of estimated and actual area for surface and subsurface initiated fatigue cracks for a wide 

range of hardness values of various steel alloys [27, 48] 
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CHAPTER 3: EXPERIMEN TAL PROCEDURES  

This chapter describes the experimental material and processing that was undertaken prior to fatigue testing 

along with the mechanical testing and characterization that was conducted after induction hardening.  

Characterization of the initial microstructure, post induction hardening microstructure, small fatigue sample 

microstructure, and tensile sample microstructure was also undertaken.  

3.1 Experimental Design 

A methodical approach to determine the crack nucleation mechanisms and effects of case depth and alloy 

on induction hardened bar steel fatigue resistance was undertaken.  Three alloys were specifically selected: 1045 is a 

very common industrially induction hardened alloy, 4145 is also commonly induction hardened but also has a 

significant increase in hardenability due to alloying elements, and 1060 represents a higher carbon content steel 

industrially induction hardened.   

The initial microstructure of the starting alloys was varied using heat treatments to determine the effects of 

microstructure on fatigue crack nucleation.  The heat treatments used for the three alloys were: 1045 (normalized 

and quenched and tempered), 4145 (as hot rolled and quenched and tempered), and 1060 (normalized).  The 1045 

and 4145 samples were then induction hardened to two similar low and high case depths.  The 1060 alloy was 

induction hardened to a case depth equivalent to the high case depth of the 1045 and 4145 conditions and a higher 

case depth.   

These samples, once processed, were tested in cantilever bending fatigue.  The fatigue sample geometry 

was specifically designed to maximize the area of maximum stress.  Small proportional fatigue samples were also 

tested to determine the endurance limit of the core material without any induction processing and monotonic tensile 

tests were conducted to obtain basic mechanical properties of the case and core.   

In addition to fatigue testing microhardness traverses were utilized to determine the effective case depth 

and any differences between the as processed and run out samples at the endurance limit.  In addition to 

microhardness residual stress depth profiles by x-ray diffraction were also conducted.  The residual stress profiles 

allowed for increased accuracy in fatigue life modeling.   

Along with the fatigue performance of induction hardened steels, inclusion surveys of all three alloys were 

also undertaken.  Application of extreme value statistical analysis allows for the largest expected inclusion in a 

given area/volume to be estimated.  Combining the predictive capabilities of EVS analysis with fracture mechanics 

models allowed for estimation of the endurance limit of an induction hardened steel component.   

3.2 Experimental Material and Processing 

Three steel alloys were selected for this study: 1045, 4145, and 1060.  The compositions of the three alloys 

are shown in Table 3.1.  The 1045 and 4145 alloys were bottom pour ingot cast at the Timken Faircrest facility.  

After casting, both the 1045 and 4145 alloys were hot rolled at Timken to 31.75 mm diameter bars.  The 1060 alloy 
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was continuous cast to 279.4 x 120.65 mm at the Harrison steel plant, rolled to a 127 mm round corner squares at 

Timken, and then hot rolled to a 31.75 mm diameter bar at Latrobe.   

 

Table 3.1 ï Composition of the 1045, 4145, and 1060 steel alloys (wt. pct.). 

Alloy  C Mn Si Ni Cr Mo Ti 

1045 0.45 0.75 0.25 0.12 0.10 0.05 N/R 

4145 0.46 0.96 0.24 0.13 0.97 0.18 N/R 

1060 0.63 0.73 0.30 0.06 0.13 0.02 N/R 

 

Alloy  Nb V Al  N S P Cu Ca 

1045 N/R 0.001 0.036 0.0084 0.018 0.006 0.21 0.0003 

4145 N/R 0.005 0.018 0.0095 0.012 0.009 0.25 0.0002 

1060 N/R 0.002 0.026 0.0083 0.014 0.014 0.18 N/R 

N/R = Not Reported 

3.2.1 Alloy Processing and Initial Heat Treatments 

Two heat treatments, prior to induction hardening, were selected for the 1045 and 4145 steel, while only 

one prior heat treatment was selected for  the 1060 steel.  The selected heat treatments were normalized (N), 

quenched and tempered (Q&T), and as hot-rolled (HR).  The process paths for each of these heat treatments as well 

as the hardness achieved in each of the heat treated conditions are shown in Table 3.2.  All heat treating was 

performed in a carbon neutral atmosphere to prevent decarburization at the surface at Metal Treating and Research 

in Denver, CO.   

 

 Table 3.2 ï Heat treatments for the 1045, 4145, and 1060 steel prior to induction hardening. 

Alloy  
Heat Treatment 1 Heat Treatment 2 

Time/Temperature Hardness Time/Temperature Hardness 

1045 

Normalized (N) 

850ºC for 0.5 hours,  

air cool 

92.6 ± 1.1 

HRB 

Quenched and Tempered (Q&T) 

900ºC for 0.5 hours,  

oil quench 

500ºC temper for 1 hour, air cool 

28.8 ± 1.4 HRC 

4145 As-Hot Rolled (HR) 
37.0 ± 1.2 

HRC 

Quenched and Tempered (Q&T) 

900ºC for 0.5 hours,  

oil quench 

500ºC temper for 1 hour, air cool 

43.7 ± 0.7 HRC 

1060 

Normalized (N) 

815ºC for 0.5 hours,  

forced air cool 

90.3 ± 1.5 

HRB 
N/A 

 

3.2.2 Induction Processing 

All fatigue samples of the 1045 and 4145 alloys were induction hardened at Induction Services, Inc. in 

Warren, MI in February 2010.  Induction hardening was conducted using a radio-frequency power source (250-450 

kHz), a scanning coil with an integrated quench ring, and a 4 pct. polymer quenchant.  The quenchant temperature 

was 18-20ºC with a flow rate of 8.3-9.1 liters per minute. The power settings were adjusted to obtain the desired 
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case depth, and a constant scan speed of 6.98 mm/s was used for all samples.  Samples were rotated at 235 rpm, 

which allows for more even heating of the sample due to possible non-concentricity between the coil and the part.  

To prevent post-induction cracking of the samples, the specimens were tempered at 176 °C (350 °F) for 1.5 hours 

within four hours of induction hardening in accordance with the Society of Automotive Engineers standard SAE 

AMS2745 ñInduction Hardening of Steel Partsò [61].  The objective of induction hardening was to produce two 

distinct case depths, labeled as the ñlow case depthò (~ 1.2 mm) and ñhigh case depthò (~ 1.75 mm) conditions, 

which are approximately the same for each of the alloys and starting microstructures.  The total power input for each 

of the 1045 and 4145 low and high case depth conditions is shown in Table 3.3. 

 

Table 3.3 ï Total power input required to induction process each alloy, starting heat treatment, and case depth 

Alloy  Starting Heat Treatment 
Power Input (kW) 

Low Case Depth High Case Depth 

1045 
Normalized 25.3 32.5 

Q&T 20.0 25.3 

4145 
Hot-Rolled 25.3 26.4 

Q&T 21.0 27.6 

 

 

 

Figure 3.1 Induction hardening coil with integrated quench ring used at Induction Services for induction 

hardening of the 1045 and 4145 samples (color image; refer to PDF thesis file). 

 

An attempt was made to measure the maximum surface temperature (Figure 3.2) during induction 

hardening of the 1045 and 4145 alloys at Induction Services.  A non-contact Williamson PRO 91-20-F dual 

frequency pyrometer (Figure 3.3) was utilized for the surface temperature measurements.  A fiber optic attachment 

allowed for positioning the probe as close as possible to the induction coil without electromagnetic interference 

associated with the induction process.   
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Figure 3.2 Maximum surface temperature measurements acquired using a non-contact optical pyrometer on 

the 1045 and 4145 induction hardened samples.  The number is the average temperature measured 

and the bars represent the standard deviation. 

 

 

Figure 3.3 Dual frequency pyrometer used for surface temperature measurements of the 1045 and 4145 

induction hardened steel samples. 

 

The 1060-N samples were induction hardened at EFD Induction in Madison Heights, MI in April 2012.  

The steel was processed to have two case distinct case depths, labeled as the ñhigh case depth-1ò and the ñhigh case 

depth-2ò conditions.  The high case depth-1 in the 1060 alloy corresponds with the high case depth in the 1045 and 

4145 steel alloys (~1.75 mm), while the high case depth-2 is deeper.   A scan speed of 25.4 mm/s was used for the 

high case depth-1 condition, and 20.32 mm/s was used for the high case depth-2 condition.  Both case depths were 

achieved using a frequency of 11.0 kHz.  The quench assembly included an induction coil with a separate quench 

ring (Figure 3.4), 4 pct. polymer quenchant, and a quenchant temperature of 29.4ºC with a flow rate of 68-71 liters 
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per minute.  Similar to the 1045 and 4145 induction hardened samples, all 1060 samples were tempered within four 

hours of induction hardening at 176 °C (350 °F) for 1.5 hours [61].  To assess possible embrittlement in the 1060 

samples, six high-1 and high-2 induction hardened samples were fatigue tested in the non-tempered condition.   

 

Table 3.4 - Total power input required to induction process the 1060 steel alloy. 

Alloy  Starting Heat Treatment 
Power Input (kW) 

High Case Depth-1 High Case Depth-2 

1060 Normalized 105 105 

 

 

Figure 3.4  Induction hardening coil and separate quench ring used at EFD Induction for induction 

hardening of the 1060 samples (color image; refer to PDF file). 

3.3 Mechanical Testing 

Two fatigue sample geometries were selected for this study.  The large fatigue samples were induction 

hardened and fatigue tested to experimentally determine an endurance limit.  The small fatigue samples were 

selected to simulate the core microstructure of the large induction hardened samples and were fatigue tested to 

experimentally determine an endurance limit.  Tensile tests were conducted to characterize the monotonic tensile 

properties of the case and core region of the induction hardened samples.  The hardness of the tensile samples 

matched the core hardness of the induction hardened fatigue samples.  Microhardness traverses were also used to 

determine the effective case depth of the induction hardened samples.   

3.3.1 Sample Design/Geometry 

Two proportional sizes of fatigue samples were designed for this study, based on the capabilities of the 

fatigue testing machines.  The large fatigue sample size was selected to allow for a more industrially relevant 

case/core ratio that could not be achieved on smaller rotating bending fatigue samples.  Because of the larger fatigue 

sample geometry, fatigue testing machines with load capacities greater than the rotating bending fatigue testing 
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machines were also required. Thus, the specimens were tested with SATEC cantilever bending fatigue machines 

with a load capacity of 4450N.  The large fatigue sample geometry is shown in Figure 3.5, and the small fatigue 

sample geometry is shown in Figure 3.6. The two proportional samples will be denoted as the ñlargeò and ñsmallò 

geometries from hereon.   

The large and small fatigue samples were specifically designed to maximize the length along the surface 

subjected to 90 and 95% of the maximum stress experienced by the specimen (Figure 3.7).  Because the samples 

were tested in fully reversed bending and not rotating bending fatigue, creating the largest possible critically stressed 

area was considered an important attribute of the sample geometry.  For the large fatigue samples, the region 

subjected to greater than 90% and 95% of the maximum stress spans 41.5 mm and 29.5 mm, respectively (Figure 

3.7b).  Additionally, the relatively large radius along the gauge length of the sample was specifically meant to 

reduce geometric stress concentrations.   

 

 

 
 

Figure 3.5 Cantilever bending fatigue sample design for all induction hardened steel specimens, all 

dimensions in mm. 

 

 

 

 

Figure 3.6 Cantilever bending fatigue sample design for all core microstructure specimens, all dimensions 

in mm. 
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(a) (b) 

Figure 3.7 The stress distribution (a) along the length of the large fatigue samples and (b) zoomed in stress 

distribution with the 95 pct. and 90 pct. of maximum stress lines shown for the sample geometry 

in Figure 3.5. 

3.3.2 Cantilever Bending ï Universal Fatigue Testing Machines 

All fatigue testing was conducted using a SF-1-U (4450 N capacity) or a SF-01-U (890 N capacity) 

universal fatigue tester set up for cantilever bending, both of which operate at a constant frequency of 30 Hz.  All 

fatigue testing was conducted using fully reversed (R = -1) load control.  Both the SF-1-U and SF-01-U were 

calibrated with uniform diameter steel bars with a uniaxial strain gauge attached.  All calibration data were acquired 

using a Vishay System 6000 digital acquisition system.  The output from the acquisition system was used to verify 

the R-ratio control and that applied load was within 1% of the calculated value. The internal lay-out of the SF-1-U 

universal fatigue tester is shown in Figure 3.8.  The oscillator, pendulum housing, compensator springs, and R-ratio 

adjustment are all shown.  The pendulum rests within the pendulum housing, but rotates about the location labeled 

ñpendulumò in Figure 3.8. 

 

Figure 3.8 SF-1-U assembly showing the pendulum housing, pendulum location, compensator springs, 

oscillator, and the R-ratio adjustment control (color image; refer to PDF file). 
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Both the SF-1-U and SF-01-U fatigue testers operate in load control and can be modeled as a forced 

vibration with a single degree of freedom [62].  The vibration analysis is simplified because the fatigue testers 

operate below resonance and the differential equation used to specify the displacement is given by: 

 ὓ
Ὠὼ

Ὠὸ
ὑὼ ὖÓÉÎ ‫ὸ (3.1) 

where M is the mass of the pendulum, x is the displacement of mass M, t is time in seconds, K is the overall spring 

constant which is made up of two components: Ks, which is the specimen spring constant, and Kc, which is the 

compensator spring constant. Po is the amplitude of force produced by the oscillator, and w is the circular frequency 

of the oscillator force.  The solution to Equation (3.1) is given by: 
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This equation can be simplified by considering only the peak oscillator values and by substituting (Kc + Ks) and Kc, 

for K and Mɤ, respectively.  The result of this substitution yields: 
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which can then be further simplified to: 

 ὖ ὑὼ (3.4) 

From Equation (3.4), it can be seen that the force produced by the oscillator (Po) is equal to the amplitude of force in 

the specimen (Ksxo).  Therefore, the force in the specimen is equal to that produced by the oscillator, irrespective of 

changes in the sample rigidity, Ks.   

3.3.3 Cantilever Bending Fatigue 

To avoid any surface effects on fatigue results due to machining, all samples were polished to a 1 µm 

diamond finish on a lathe.  The polishing sequence on the lathe was 180 and 320 grit alumina, 400 and 600 grit 

silicon carbide, and 15ɛm, 6 ɛm, 3ɛm, and 1ɛm diamond suspension.  After polishing on the lathe, select samples 

from each condition were analyzed using a non-contact white light optical profilometer to determine the final 

surface roughness prior to fatigue testing.  The surface roughness (Ra) of the large and small fatigue samples was 

174 ± 78 nm and 274 ± 105 nm, respectively.  

For the large fatigue samples, run-out is defined to be 1.5x10
7
 cycles.  The endurance limit for the large 

fatigue samples is determined as the applied stress in which five consecutive samples run-out after dropping the 

applied stress by 5 MPa from a stress level where finite life is observed.  For the small fatigue samples, run-out is 

defined as 10
7
 cycles, and the endurance limit of the small fatigue samples is defined as the stress at which three 

consecutive run-out samples are observed.   

The bending fatigue set-up for the SF-1-U fatigue tester is shown in Figure 3.9.  The bungee cord (Figure 

3.9) pulls the sample away from the fixed end during fracture to ensure integrity of the fracture surfaces for analysis.  

A copper sleeve (Figure 3.9a) was used to eliminate fretting between the sample and fixture during testing, which 

sometimes leads to premature fracture in the grips of the fixed end of the sample.  Four air jets were used for cooling 
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the large fatigue samples (Figure 3.9b).  The air pressure was adjusted to ensure that the temperature of fatigue 

samples did not exceed 35ºC during testing.  The sample temperatures were measured during low and high cycle 

fatigue testing using a non-contact infrared (IR) thermometer.  The maximum surface temperature measured was 

35ºC, which was only achieved during low cycle (< 50,000 cycles) testing of fatigue samples.  Without the cooling 

air, however, sample surface temperatures in excess of 300ºC during low cycle fatigue testing were observed.   

  

(a) (b) 

Figure 3.9 Bending fatigue set up for the SF-1-U: (a) front view and (b) top view with the cooling air 

connected (color image; refer to PDF file).  

The bending fatigue set-up for the SF-01-U fatigue tester is shown in Figure 3.10.  The bungee cord and 

copper sleeve shown in Figure 3.10 were used to maintain the integrity of the fracture surface and to eliminate 

fretting between the sample and fixture during testing.  The overall set-up of the fixture is similar to the large fatigue 

sample set-up with the exception that there is no cooling air applied to the sample.  Even in low cycle fatigue testing, 

the small fatigue sample did not heat up more than 1-2 ºC above room temperature so cooling air was deemed 

unnecessary.   

  

(a) (b) 

Figure 3.10 Bending fatigue set-up for the SF-01-U: (a) front view and (b) top view (color image; refer to 

PDF file). 

The temperature in the fatigue testing laboratory was maintained between 22 and 26ºC.  The humidity in 

the room was maintained below 35% relative humidity with the use of three dehumidifiers.  No correlation between 

total fatigue life and room humidity was observed.  For the majority of fatigue tests, the room humidity was below 

20%.   
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3.3.4 Tensile Testing 

Tensile testing was conducted to determine case and core tensile properties of all the induction processed 

conditions.  Specimens were machined according to the ASTM E8-2008 standard [63] from the as-received bars of 

the 1045, 4145, and 1060 alloys (Figure 3.11).  To simulate the core microstructures, the tensile samples were heat 

treated similarly to the initial heat treatments described in Table 3.2.  Then, the specimens were tempered at 176 ºC 

for 1.5 hours to match the post-induction temper that all induction hardened samples underwent.  To simulate the 

case processing conditions, tensile samples underwent a double austenitizing treatment to obtain a fine austenite 

grain size, as observed in the case of the induction hardened samples (Table 3.5).  The 1045 samples were 

austenitized at 900°C, water quenched, and tempered at 176°C for 1.5 hours twice, while the 4145 and 1060 was 

austenitized at 900°C, oil quenched, and tempered at 176°C for 1.5 hours twice.  After the final temper, hardness 

measurements were acquired to ensure that the hardness of tensile samples were nearly identical to the hardness 

observed in the case and core of each condition.  All tensile samples were polished on a lathe to a 600 grit finish.  

Polishing on the lathe was extremely important for the 1060 simulated case samples due to the high strength and low 

ductility of the sample.  Tensile testing was conducted at a rate of 5.08 mm/min, and a Shepic extensometer with a 

gauge length of 25.4 mm (12.7 mm maximum extension) was used for all tests.   

Table 3.5 ï Heat treatments for the 1045, 4145, and 1060 to simulate the case microstructure. 

Alloy  
Simulated Case - Heat Treatment Hardness in Case of 

Induction Hardened 

Samples Time/Temperature Hardness 

1045 

(1) 900ºC for 0.5 hours, water quench, 176ºC 

temper for 1.5 hours 

(2) 900ºC for 0.5 hours, water quench, 176ºC 

temper for 1.5 hours 

57.7 ± 0.3HRC 56-59 HRC 

4145 

(1) 900ºC for 0.5 hours, oil quench, 176ºC 

temper for 1.5 hours 

(2) 900ºC for 0.5 hours, oil quench, 176ºC 

temper for 1.5 hours 

56.7 ± 0.7 HRC 59-60 HRC 

1060 

(1) 900ºC for 0.5 hours, oil quench, 176ºC 

temper for 1.5 hours 

(2) 900ºC for 0.5 hours, oil quench, 176ºC 

temper for 1.5 hours 

61.3 ± 0.6 HRC 61 HRC 

 

 

Figure 3.11 Tensile sample geometry, all dimensions in mm. 



38 

3.3.5 Microhardness Analysis and Determination of Case Depth 

Vickers microhardness measurements were conducted in accordance with ASTM E384-11 [64].  Prior to 

microhardness testing, all samples were polished to a 1 ɛm diamond finish to avoid any surface effects during 

testing, and all microhardness testing was conducted using a 1 kg load.  Additionally, care was taken to ensure that 

no indent was closer than three diagonals from the previous indent.  The microhardness of the small fatigue samples 

and tensile samples was measured to ensure that hardness was consistent with the case and core of the induction 

hardened samples.  A minimum of five hardness measurements were performed for each of the small fatigue 

samples and tensile samples.  

The effective case depth of each of the induction hardened conditions was measured using Vickers 

microhardness measurements at the location of maximum stress (Figure 3.12).  The transition hardness from case to 

core is defined based on the JIS G0559 standard [65], which states the transition hardness is 450 HV for steel with a 

carbon content between 0.43 to 0.53 weight percent (e.g. 1045 and 4145 steel alloys) and 500 HV for carbon 

contents greater than 0.53 weight percent carbon (e.g. 1060 steel alloy).  To improve the statistical accuracy of both 

the microhardness readings and case depth determination, three hardness traverses were performed on two samples 

for each condition, for a total of six total traverses per condition (Figure 3.13).  Each traverse was started 0.127 mm 

(0.005 in) from the surface of the sample and hardness measurements were taken at 0.127 mm (0.005 in) intervals 

thereafter to a depth of 3.43 mm (0.135 in) irrespective of case depth, with the exception of the 1060-N-high case 

depth-2 samples that were analyzed to a depth of 4.83 mm (0.190 in).  An alternating pattern of hardness indents 

was utilized to ensure that each hardness indent was not skewed by the plastic deformation around the previous 

indent (Figure 3.14). 

 
Figure 3.12  Cantilever bending fatigue sample with the location at which microhardness traverses and 

residual stress measurements were collected. 

 

Figure 3.13 Optical micrograph of the cross-section of an as-processed induction hardened sample with three 

hardness traverses as well as hardness indents at the core of the sample.  The pattern for the 

hardness traverses is shown in Figure 3.14. 



39 

 

Figure 3.14  Hardness traverse pattern utilized for all induction hardened samples. 

3.4 Characterization  

Microstructural characterization was conducted to determine the starting microstructure prior to induction 

hardening and the extent of transformation of the microstructure after induction hardening. Characterization was 

also performed to ensure that the small fatigue and tensile samples had a microstructure consistent with the region of 

the induction hardened sample they were meant to replicate.  X-ray diffraction was utilized to determine phases 

present in the 4145-HR condition.  An inclusion analysis was undertaken to determine the underlying inclusion 

distributions and the mean inclusion size observed during the inclusion survey.  Finally, the inclusion surveys were 

utilized for extreme value statistical analysis to allow for prediction of the largest expected inclusion in a given 

area/volume of material.   

3.4.1 Microstructural Characterization  

Microstructural characterization was conducted on all as-received/heat treated alloy conditions, induction 

hardened conditions, small fatigue sample conditions, and tensile sample conditions.  The as-received/heat treated 

conditions were examined to ensure that proper heat treating had been conducted and to characterize the 

microstructure prior to induction hardening.  Induction hardened samples were examined in the case to determine 

the extent of martensitic transformation, in the case/core region to determine the microstructure at the effective case 

depth determined by hardness, and in the core region.  The microstructure of the small fatigue samples was also 

examined to determine if it was similar to the core microstructure of the large induction hardened fatigue specimens 

it was meant to replicate.  Similarly, the core and simulated case tensile samples were also examined for similitude.  

All metallographic samples were cut, mounted, ground, and polished.  All samples were cut using a LECO 

MSX200M cut-off saw with alumina blades and copious amounts of coolant to prevent overheating of the parts 

during sectioning.  Once sectioned, samples were either hot mounted in bakelite, epoxy, or epoxy with diallyl 

phthalate with copper filler.  The epoxy was found to be significantly more chemically resistant than the bakelite, 

which resulted in superior grinding, polishing, and etching results.  The copper filled diallyl phthalate was used for 

samples analyzed in the SEM.  The conductive copper prevented charging during SEM imaging, which allowed for 

better resolution of the microstructure at the edge of the induction hardened samples.  The hard copper diallyl 
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phthalate also yielded better edge retention than the bakelite or epoxy, which again resulted in better resolution of 

the surface microstructure of the induction hardened samples.  Once mounted, samples were ground and polished 

using a LECO Spectrum System 2000 automatic grinder/polisher.  The grinding/polishing steps are shown in Table 

3.6.  Four etchants were used for all microstructural characterization and are listed in Table 3.7.   

 

Table 3.6 ï Grinding/polishing sequence used for the Leco Spectrum System 2000 automatic grinder/polisher. 

Step Disc/Pad and Media Lubricant Tine (min) Speed (Head/Wheel), RPM Force (N) 

1 
LECO® Platinum 1 

(120-180 grit) 
Water Until Plane 125/200 89 

2 
LECO® Platinum 2 

(220-320 grit) 
Water 3:30 125/175 89 

3 
LECO® Platinum 4 

(600 grit) 
Water 4:00 125/150 89 

4 
Red Felt, 6µm diamond 

suspension 

Red Diamond 

Extender 
6:00 100/125 67 

5 
Red Felt, 6µm diamond 

suspension 

Red Diamond 

Extender 
7:30 100/125 67 

6 
Red Felt, 6µm diamond 

suspension 

Red Diamond 

Extender 
9:00 100/100 44 

 

Table 3.7 ï Etchants used for metallographic inspection of induction hardened samples, small fatigue samples, and 

tensile samples. 

Etchant 

Purpose 
Etchant Composition Comments 

General 

Etchant 

Å 4 pct. picric acid in methanol 

Å 4 pct. aqueous sodium 

metabisulfite (Na2S2O5) 

- Mix both solutions in a 1:1 ratio 

- Etchant good for 8-10 samples, then must be replaced 

Color Tint 

Etchant 

Å 4 pct. picric acid in methanol 

Å 1 pct. aqueous sodium 

metabisulfite 

- Mix both solutions in a 1:1 ratio 

- Untempered martensite or retained austenite is white, bainite 

appears black, and ferrite appears tan [66] 

General 

Etchant 

(Nital 2%) 

Å 2 pct. nitric acid in methanol - Good general purpose steel etchant 

Prior Austenite 

Grain Etchant 

Å 200 mL deionized water 

Å 2.6 grams picric acid 

Å 6 ml Teepol 

Å 2 ml HCl 

- Using boiling stones, heat solution up to 65ºC 

- Back polishing can be required after each etching step 

  

A color tint etchant was used for induction hardened samples to construct both montages from the case to 

the core and three-dimensional microstructure views of the core.  The montages were used to assess the extent of 

transformation in the case, the location of the case/core region with respect to the depth of effective case depth 

determined by microhardness, and the core microstructure.  The three-dimensional images were created to determine 

inhomogeneities in the microstructure due to alloying or rolling operations.  Three-dimensional microstructures 

were obtained by sectioning the low case depth induction hardened sample in each of the five conditions.  The 

method of obtaining the three orthogonal views is shown in Figure 3.15. 
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Figure 3.15 Location of material in the induction hardened samples acquired for the three-dimensional cube 

viewing. 

 

Prior austenite grain (PAG) size was also examined for all conditions (large and small fatigue samples as 

well as tensile samples).  Though no quantitative data were collected, the relative size of the prior austenite grain 

size between the case, case/core, and core for each alloy were examined.   The small fatigue samples and tensile 

samples were also analyzed to determine if their PAG size was approximately the same as the location on the large 

fatigue samples that they were meant to simulate.  Due to the low levels of phosphorus in all steel alloys (Table 3.1), 

a specialized heat treatment beyond just tempering at a constant temperature in the embrittling range was required 

prior to PAG etching.   The heat treatment consisted of tempering at 625ºC for two hours, then furnace cooling to 

550ºC and holding for seventy-two hours, and water quenching [67].  The samples were etched with the Prior 

Austenite Grain Etchant shown in Table 3.7.  Polishing each etched sample back with 0.25 or 1 ɛm diamond 

suspension was required to properly reveal the prior austenite grains in all three alloys.   

3.4.2 X-Ray Diffraction Characterization and Residual Stress Analysis  

X-ray diffraction was utilized to characterize the core microstructure and measure residual stress.  All core 

microstructures were analyzed using a Cu target, 1Ü slit, Ni filter, and an XôCeletrator proportional detector.  The 

core microstructure was analyzed by polishing transverse and longitudinal sections to a 1 ɛm diamond finish.  Once 

polished, samples were cut to an approximate thickness of 2 mm and placed into the spring loaded sample holder.  

Scans were conducted with a scan range of 40-48 degrees 2Ū and a scan speed of 100 seconds per step.  Diffraction 

peaks were tracked for austenite, ferrite, and cementite. The aim of the XRD analysis was to determine whether the 

white banding observed in the 4145-HR condition was retained austenite or untempered martensite.   

The residual stress measurements were acquired at both Caterpillar Inc. and The Timken Company with a 

Cr target and a V filter.  Residual stress depth profiling analysis was undertaken for only the large fatigue samples 

on both as-processed samples in the 1045, 4145, and 1060 alloys as well as all 1045 conditions that were fatigue 
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tested to run-out at 10 to 15 million cycles.  All residual stress depth profiles were obtained at the location of 

maximum stress (Figure 3.12). 

Caterpillar Inc. utilized an American Stress Technologies (AST) X2002 and X3000 x-ray diffractometer for 

the 1045 and 4145 samples and a Proto iXRD Combo diffractometer for the 1060 samples.  All three machines were 

operated at 30 kV and have a maximum current of 6.7 mA.  Seven positive and seven negative Ɋ-angles were used 

per depth, for a total of fourteen data points used in the calculation of residual stress (Section 2.3).  To achieve depth 

profiling (Figure 3.16), the first 1.016 mm of material removal was accomplished with only electropolishing without 

any subsequent grinding.  At depths greater than 1.016 mm, a combination of grinding and electropolishing was 

utilized to minimize error in the residual stress measurements.  However, a minimum of 0.508 mm of material was 

removed by electropolishing after grinding to prevent any bias from the grinding step on the residual stress 

measurement.  The axial and circumferential residual stresses were directly measured and radial residual stress was 

determined through principles of elasticity; compliance equations were applied at depths greater than 1 mm to 

account for the material removed.   

The Timken residual stress data was acquired using a Proto LXRD for all 1045, 4145, and 1060 conditions 

analyzed.  Material removal for depth profiling (Figure 3.16) was accomplished with a Buehler Electromet 4 

polisher with a solution of water, ethanol, perchloric acid, and 2-Butoxyethanol.  Seven positive and seven negative 

Ɋ-angles were used per depth, for a total of fourteen data points used in the calculation of residual stress.  A Pearson 

VII fitting constant and 80% of the peak were used for fitting. 

 

 

 

 

Figure 3.16 Residual stress sample after x-ray diffraction depth profiling using only electropolishing methods 

by The Timken Company (upper left) and using a combination of electropolishing and grinding 

by Caterpillar Inc. (lower right). 
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3.4.3 Inclusion Analysis 

Inclusion characterization of the 1045, 4145, and 1060 material was undertaken by The Timken Company 

utilizing an ASPEX eXplorer personal scanning electron microscope (PSEM).  All samples were polished to a 

mirror finish and then placed in the PSEM.  Image analysis was conducted with a 20kV accelerating voltage.  

Energy dispersive spectroscopy (EDS) x-ray data were acquired for approximately one second and quantified for 

eight elements: magnesium (Mg), aluminum (Al), silicon (Si), sulfur (S), calcium (Ca), titanium (Ti), chromium 

(Cr), and manganese (Mn).  The interstitial elements (O, N, or C) were not quantified due to the unreliability of their 

value due to the short acquisition times used.  Based on the eight elements quantified, five inclusion categories were 

created: manganese sulfide (MnS), manganese sulfide with calcium (MnCaS), manganese sulfide with aluminum 

(MnAlS), alumina (Al2O3), and alumina-magnesia (Al2O3-MgO). 

Fourteen 1045 steel samples were analyzed, ranging in area from 194 mm
2
 to 222 mm

2
, for a total 

combined area of analysis of 2600 mm
2
.  Twenty-nine 4145 steel samples were analyzed, ranging in area from 208 

to 238 mm
2
, for a total combined area of analysis of 5600 mm

2
.  Thirty-three 1060 steel samples were analyzed each 

with an area of to 200 mm
2
, for a total combined area of analysis of 6600 mm

2
.  The inclusion data received from 

the Timken Company contained information about the inclusion chemical composition, size (area), aspect ratio, and 

location within the analysis area.   

To appropriately model inclusion populations, the underlying distributions of each population must first be 

determined.  Using the large amount of inclusion data, quantile-quantile (QQ plots) [68] were used in conjunction 

with p-values to determine the best distribution fit to each of the five inclusion categories [69].  The five 

distributions tested were: normal, lognormal, weibull, exponential, and the generalized extreme value distribution.  

All óareaô data for the inclusions were used in an untransformed condition when fitting to the distributions.  The 

inclusion distribution fitting was used to determine the relative rarity of the inclusion present at the crack nucleation 

location based on the distribution of the inclusion types.   

In addition to a basic understanding of the underlying distributions within each inclusion category, the 

assumptions of the extreme value statistical analysis, which is described in the next section, were also verified.  

Extreme value statistical analysis is only valid if the square root transform of the area of the inclusion conforms to a 

Gumbel distribution [27].   

3.4.4 Inclusion Analysis by Extreme Value Statistical Analysis 

The basis of the extreme value statistical (EVS) analysis procedure was presented in Section 2.5, and the 

procedure described in Section 2.5 was applied to the inclusion data received from the Timken Company for the 

1045, 4145, and 1060 steel alloys for seven inclusion categories: MnS, MnCaS, MnAlS, Al2O3, MgO-Al 2O3, MnCaS 

with Al2O3-MgO, and Max (irrespective of chemical composition).   

All three alloys (1045, 4145, and 1060) were analyzed in the rolling direction utilizing EVS analysis and a 

10 mm x 10 mm field of view to compare their inclusion populations.  However, the results of the EVS analysis are 

sensitive to the size of the field of view that is analyzed within the dataset.  The effect of the sampling area on the 

prediction capabilities of the extreme value statistical distribution was determined for the 1045 alloy.  Several 

sampling areas were selected (all in mm x mm): 10 x 10, 5 x 10, 5 x 5, 2.5 x 5, 2.5 x 2.5, and 1.25 x 2.  The total 
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area sampled was 2700 mm
2
 except for the 1.25 mm x 2 mm sampling area that was analyzed over an area of 1700 

mm
2
.   

 

 

Figure 3.17 The six inspection areas compared for the 1045 inclusion analysis. 

 

The majority of the inclusion data were analyzed in the longitudinal (rolling) orientation (Figure 3.18).  

However, the plane of failure in the fatigue experiments is the transverse plane, perpendicular to the rolling direction 

(Figure 3.18), so additional modification to the extreme value statistical analysis was undertaken to determine the 

largest inclusion cross-sectional area transverse to the rolling direction.  Figure 3.19 shows a schematic of inclusions 

in the test material; the important inclusion measurements are Dminor, the diameter in the minor axis direction 

assuming an elliptical shape, and Dmajor, the diameter in the major axis dimension. In order to estimate the inclusion 

area in the transverse plane, the Dminor dimension was used for inclusions that are observed to either elongate or 

orient themselves in the rolling direction such as MnS, MnCaS, and MnAlS.  The other inclusions, Al2O3 and Al2O3-

MgO do not necessarily orient themselves in the rolling direction during rolling reductions, so the largest diameter, 

Dmajor, was used to estimate the cross-sectional area.   

 

 

Figure 3.18 Inclusion surveys were conducted in the longitudinal orientation and later converted to the 

transverse orientation.   
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Figure 3.19 Dimension measured for each inclusion type to determine the cross-sectional area for endurance 

limit estimation. 

 

In a similar manner to the inclusion surveys, inclusions at the fatigue crack nucleation location can also be 

analyzed by EVS analysis.  Because all cracks are oriented transverse to the rolling direction, the EVS analysis of 

the inclusions is considered to be in the transverse orientation.  For the 4145-HR condition, microstructural features 

dominated the fatigue crack nucleation regions and were readily distinguishable using a back-scattered detector in an 

SEM; this enabled EVS analysis to be applied to the apparent grain size at the fatigue crack nucleation location.   

3.5 Fatigue Crack Nucleation Area Analysis 

Fractography was undertaken for the large fatigue samples, small fatigue samples, and tensile samples.  

Initial macro-fractography was conducted using either a digital camera with a macro lens or a stereo microscope.  

Samples were also analyzed in an SEM for the high depth of field and high resolution achievable using this imaging 

method.  Overall images of the induction hardened fracture surface were obtained to measure the depth of the 

fatigue crack nucleation from the surface of the part as well as seven representative images from two fracture 

surfaces for each condition tested (Figure 3.20).  EDS analysis was also utilized if an inclusion was observed at the 

crack nucleation region to obtain chemical composition of the inclusion.  Small fatigue samples and tensile samples 

were also analyzed in the SEM to characterize fracture features in both types of samples and the region of fatigue 

crack nucleation in the small fatigue samples.     

If the nucleating feature was an inclusion, EDS X-ray mapping was utilized to assess its composition 

profile.  EDS x-ray mapping was conducted with a 200 x 256 pixel grid with a 200 ɛs dwell time per pixel and a 

minimum of eighty full image scans per image.   

 



46 

 

Figure 3.20 Schematic of large induction hardened sample fracture surface with the locations where SEM 

images were collected.   

 

To allow for a better understanding of the microstructural features that nucleated fatigue cracks in some 

conditions, a combination of focused ion beam (FIB) and electron backscattered diffraction (EBSD) was used to mill 

down the nucleation location then to characterize the local crystallography of the nucleation location.  The ion 

source was operated at 30 kV with a current between 2.5-21 nA.  Final low energy cleaning was conducted at 5 kV 

and a current of 120 pA.  Milling was performed at a glancing incidence angle until the nucleation location was 

milled flat (Figure 3.21).  Platinum fiducials were used to ensure the nucleation location could be identified after 

milling (Figure 3.22 and Figure 3.23).  All EBSD data collection after FIB milling was done at 25 kV with a 

working distance of 15 or 20 mm and a step size of 10 nm (1045-N low case depth) or 50 nm (4145-HR low case 

depth). 

 

 

Figure 3.21 Orientation of Gallium FIB beam in relation to the nucleation location of the fractured induction 

hardened fatigue samples. 
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Figure 3.22 FIB milled area at the nucleation location of the 1045-N low case depth sample.  The nucleation 

location was identified using the platinum fiducal mark deposited prior to milling. 

 

 
Figure 3.23 FIB milled area at the nucleation location of the 4145-HR low case depth sample.  The nucleation 

location was identified using the platinum fiducal marks deposited prior to milling. 
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CHAPTER 4: RESULTS: MICROSTRUCTURE  

This chapter describes the starting microstructure for all testing conditions.  The microstructural 

development in the induction hardened samples, small fatigue samples that are meant to simulate the core of the 

induction hardened samples, and the microstructure of the tensile tests which are meant to simulate both the case and 

the core microstructure of the induction hardened samples are all shown and described.   

4.1 Microstructure after Initial Heat Treatments 

The three alloys for this study are 1045, 4145, and 1060 steel.  The composition and initial heat treatment 

of these alloys were described in Section 3.2.  Two initial heat treatments, normalized (N) and quenched and 

tempered (Q&T), were used for the 1045 alloy.  The 4145 alloy was induction processed in the as hot-rolled or Q&T 

condition. Finally, the 1060 alloy was normalized before induction processing. 

4.1.1 Initial Microstructure ï 1045 

Ideal diameter (DI) calculations for the 1045, 4145, and 1060 alloys were calculated based on the chemistry 

of each alloy (Table 3.1) and ASTM A255-07 ñStandard Methods for Determining the Hardenability of Steelò [14].  

The calculated idea diameter for the 1045, 4145, and 1060 alloy were found to be 37, 155, and 41 mm respectively.  

The 1045-N heat treatment resulted in a ferrite/fine pearlite microstructure with some continuous ferrite bands 

visible in the rolling direction (Figure 4.1a).  SEM imaging of the 1045-N condition (Figure 4.2a) revealed a fine 

pearlitic structure with small ferrite grains, which was the goal of the normalizing heat treatment.  By creating fine 

pearlite and smaller grains of ferrite, it was expected that the induction hardening response of this alloy would 

improve as compared to the as-received hot-rolled ferrite-pearlite microstructure.  The 1045-Q&T condition was 

found to be a mix of very fine pearlite and ferrite (Figure 4.2b), and there was no significant banding observed 

(Figure 4.1b).   

4.1.2 Initial Microstructure ï 4145 alloy 

The 4145-HR condition had bands of ferrite/bainite (brown/purple) and bands of untempered martensite 

(white) as shown in Figure 4.3a.  According to LePera [66], the ferrite or bainite etches as purple or brown, while 

untempered martensite or retained austenite will not etch and appears white.  Higher magnification optical 

microscopy of the bands revealed a needle like morphology which would be expected of untempered martensite 

(Figure 4.5).  An SEM micrograph of an orientation transverse to the rolling direction is shown in Figure 4.4; the 

untempered martensite appears flat in the SEM image and is indicated with arrows.   

Low load (10g) Vickers microhardness measurements were obtained on each of the microstructural bands.  

The resulting hardness in the purple/brown bands was 37.0 ± 1.2 HRC, while the white bands had an average 

hardness of 56.4 ± 1.2 HRC.  The expected hardness for a 0.45 wt. pct. carbon steel with 100% martensite is 59 

HRC [36].  Thus, it was inferred that the white bands were untempered martensite, not retained austenite.  Energy 

dispersive spectroscopy (EDS) analysis did not reveal any discernible elemental differences between the bands of 

the microstructure.  X-ray diffraction (XRD) was also utilized to characterize the microstructure as another 
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confirmation that the bands were untempered martensite, not retained austenite.  Figure 4.6 shows the results of the 

XRD scan from 42-46 degrees 2Ū.  The ferrite and cementite peaks were clearly visible, but no retained austenite 

peak was observed.  Based on the area fraction of white bands shown in Figure 4.3, an austenite peak would have 

been observed if the bands were indeed austenite.  The 1045-N and 1060-N XRD scans are shown along with the 

4145-HR scan for comparison.   

The 4145 Q&T condition also exhibits banding after etching (Figure 4.3b).  However, the hardness of the 

light and dark brown bands are not significantly different (44.8 ± 0.2 versus 46.7 ± 0.7 HRC).  SEM examination of 

the microstructure transverse to the rolling direction revealed a uniform tempered martensite microstructure (Figure 

4.4b).   

 

 

 

 

 

 

Figure 4.1 Three-dimensional optical micrographs of the (a) 1045-N and (b) 1045-Q&T core microstructure, 

4 pct. Picric acid with 1pct Sodium metabisulfite (color image; refer to PDF file.) 



50 

  

(a) (b) 

Figure 4.2 SEM images of the (a) 1045-N and (b) 1045-Q&T conditions transverse to the rolling direction.  

Samples for the micrographs were acquired from the center of the 22 mm end sections of the large 

fatigue samples, 4 pct. Picric acid with 4 pct. sodium metabisulfite. 

  

 

 

Figure 4.3 Three-dimensional optical micrographs of the (a) 4145-HR and (b) 4145-Q&T core 

microstructure, 4% Picric acid with 1% Sodium metabisulfite (color image; refer to PDF file). 

 



51 

 

 

 

  

(a) (b) 

Figure 4.4 SEM images of the (a) 4145-HR where the arrows indicate the martensite bands and (b) 4145-

Q&T conditions transverse to the rolling direction.  Samples for the micrographs were acquired 

from the center of the 22 mm end sections of the large fatigue samples, 4% Picric acid with 4% 

Sodium metabisulfite. 

 

 

 

 

  

(a) (b) 

Figure 4.5 Optical micrographs of the 4145-HR condition showing the (a) overall unetched area and (b) a 

higher magnification image of the unetched area, 4% Picric acid with 1% Sodium metabisulfite. 
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Figure 4.6 X-ray diffraction analysis of the 1045-N, 4145-HR, and 1060-N samples transverse to the rolling 

direction.  The locations of the austenite, ferrite, and cementite peaks are noted. 

 

 

4.1.3 Initial Microstructure ï 1060 alloy 

The 1060 steel was a mixture of finely dispersed spheroidized carbides, fine pearlite, and islands of ferrite 

(Figure 4.7).  The normalizing treatment was not of sufficient length to allow all of the carbon to go into solution, so 

some spheroidized carbides remained after the normalizing treatment.  Due to the high carbon content, however, it 

was determined that an adequate amount of carbon could still be solutionized to allow for a hard martensitic case 

even with the spheroidized carbides present.   

4.2 Induction Hardened Microstructures 

The goal of the induction hardening process was complete transformation of the initial microstructure into 

martensite in the case and a minimal transition zone from the case to the core microstructure.  The induction 

hardening parameters and set-up conditions for the 1045, 4145, and 1060 alloy are described in Section 3.2.2.  The 

microstructures of the case, transition region, and core were examined to determine the extent of transformation 

during the hardening process.  If full transformation of the initial microstructure did not occur at the surface of the 

part, then the component was considered to have incomplete hardening.    
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Figure 4.7 Three-dimensional optical micrograph of the 1060-N core microstructure, 4 pct. Picric acid with 

1 pct. sodium metabisulfite (color image; refer to PDF file) 

 

4.2.1 1045 Induction Hardened Microstructures 

The 1045 alloy was induction hardened in two starting microstructural conditions: ferrite/fine pearlite (N) 

and a tempered martensite (Q&T).  Each condition produced was induction hardened to produce two distinct case 

depth conditions labeled as low and high case depths.  The 1045-N was considered the more difficult of the two 

starting conditions to induction harden due to the large amount of ferrite in the microstructure, which requires 

greater temperatures and times to allow full transformation of the ferrite to austenite.  The 1045-Q&T condition, on 

the other hand, was considered ideal for induction hardening due to the relatively homogeneous distribution of small 

carbides throughout the microstructure, which allows for shorter carbon diffusion distances and in turn more 

complete transformation during hardening.   

The microstructures of the 1045-N low and high case depth conditions are shown in Figure 4.8.  In the low 

case depth condition (Figure 4.8a), there was incomplete transformation of the starting microstructure during 

induction hardening which resulted in retained ferrite near the surface of the specimen.  Incomplete transformation 

was more prominent deeper in the case as progressively larger ferrite grains were present.  The core microstructure 

did not change greatly from the as-heat treated microstructure during induction hardening (Figure 4.1a).  In contrast, 
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the high case depth condition had complete transformation near the surface of the specimen, and retained ferrite was 

only present in the transition region between the case and the core.   

The 1045-Q&T condition (Figure 4.9) exhibited complete transformation to martensite, as expected, in 

both the low and high case depth conditions near the surface of the induction hardened components.  The transition 

region in both the low and high case depth condition is relatively small (as compared to the 1045-N conditions) and 

is composed of heavily tempered martensite from the initial microstructure, tempered martensite from induction 

hardening, and small islands of ferrite.  The core in the low and high case depth conditions is unchanged from the 

initial heat treatments. 

4.2.2 4145 Induction Hardened Microstructures 

The 4145 alloy was induction hardened from two starting microstructural conditions: bainite/untempered 

martensite (HR) and tempered martensite (Q&T).  Each condition was induction hardened to produce two distinct 

case depth conditions labeled as low and high case depths.  Both the HR and Q&T condition were considered to 

contain appropriate microstructures for induction hardening due to the relatively fine dispersion of carbides 

throughout both of the microstructures.   

The microstructure of the 4145-HR low and high case depth conditions are shown in Figure 4.10.  In the 

low and high case depth conditions, complete transformation of the starting microstructure occurred near the surface 

during induction hardening.  The transition region is relatively abrupt and contained a matrix of martensite with 

islands of untransformed bainite.  The microstructure of the core appeared similar to the as-heat treated 

microstructure in both the low and high case depth conditions.   

Similarly to the 4145-HR condition, complete transformation of the starting microstructure was achieved in 

the case of both the low and high case depth 4145-Q&T condition (Figure 4.11).  The transition region is relatively 

small in both case depth conditions.  The transition region is a mixture of heavily tempered martensite from the 

initial microstructure and lightly tempered martensite from induction hardening.  The core microstructure remains 

unchanged in both case depth conditions. 

4.2.3 1060 Induction Hardened Microstructures 

The 1060 alloy was induction hardened using one starting microstructural condition: ferrite/fine 

pearlite/spheroidized carbides (N).  This condition was induction hardened to produce two distinct case depth 

conditions labeled as high-1 and high-2 (Figure 4.12).  The spheroidized carbides were not ideal for complete 

austenitization of the case during induction hardening due to the long dissolution times required.  However, the 

reduction in carbon level due to the retained spheroidized carbides results in a reduced propensity for quench 

embrittlement (Section 2.1.3).  The case of the two case depth conditions was completely transformed to martensite 

with some retained spheroidized carbides from the starting microstructure.  The transition region is a mix of 

martensite and retained ferrite islands almost completely surrounded by fine pearlite/bainite.  The core 

microstructure remains unchanged from the starting microstructures in both case depth conditions.   
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(a) 

 

(b) 

 

Figure 4.8 Optical micrographs of the microstructural gradient from the surface (left) to the core (right) of 

the 1045-N (a) low case depth and (b) high case depth conditions with higher magnification 

images of the case, transition, and core regions, 4 pct. picric acid. 
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(a) 

 

(b) 

 

Figure 4.9 Optical micrographs of the microstructural gradient from the surface (left) to the core (right) of 

the 1045-Q&T (a) low case depth and (b) high case depth conditions with higher magnification 

images of the case, transition, and core regions, 4 pct. picric acid in methanol. 
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(a) 

 

(b) 

 

Figure 4.10 Optical micrographs of the microstructural gradient from the surface (left) to the core (right) of 

the 4145-HR (a) low case depth and (b) high case depth conditions, 4 pct. picric acid in methanol. 
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(a) 

 

(b) 

 

Figure 4.11 Optical micrographs of the microstructural gradient from the surface (left) to the core (right) of 

the 4145-Q&T (a) low case depth and (b) high case depth conditions, 4 pct. picric acid. 
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(a) 

 

(b) 

 

Figure 4.12 Optical micrographs of the microstructural gradient from the surface (left) to the core (right) of 

the 1060-N (a) high-1 case depth and (b) high-2 case depth conditions, 4 pct. picric. 
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4.3 Small Fatigue Sample Microstructures 

The purpose of the small fatigue samples was to determine the endurance limit of the core of the large 

induction hardened samples (Section 3.3).  To accomplish proper estimation of the core endurance limit, the 

hardness and microstructure of the small fatigue samples needed to be as similar to the core of the induction 

hardened samples as possible.  The microstructures of the small fatigue samples in the 1045-N, 1045-Q&T, 4145-

HR, 4145-Q&T, and 1060-N conditions are shown in Figure 4.13 to Figure 4.15.  Using side by side comparisons, 

the microstructures of the small fatigue samples in all conditions were determined to be sufficiently similar to the 

initial microstructures shown in Section 4.1.   

4.4 Monotonic Tensile Sample Microstructures  

Monotonic tensile samples were created to determine tensile properties for the case and core regions of the 

large fatigue samples.  The heat treatments applied for the core and simulated case conditions are shown in Section 

3.  The resulting microstructures after heat treating are shown in Figure 4.16 to Figure 4.18.  Similar, to the small 

fatigue samples, all conditions were determined to be sufficiently similar to the initial microstructures shown in 

Section 4.1 when compared as side to side images.  The simulated case microstructures in all three alloys were 

found to be homogeneous lightly tempered martensite, which was consistent with the microstructures observed in 

the case of the three alloys (Section 4.2).   

 

 

 

 

  

(a) 

 

(b) 

Figure 4.13 Optical micrographs of the (a) 1045-N and (b) 1045-Q&T small fatigue samples, 4 pct. picric acid. 
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(a) 

 

(b) 

Figure 4.14 Optical micrographs of the (a) 4145-HR and (b) 4145-Q&T small fatigue samples, 4 pct. picric 

acid 

 

 

 

 

Figure 4.15 Optical micrograph of the 1060-N small fatigue sample, 4 pct. picric acid 
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(a) (b) 

 

 

(c) 

 

Figure 4.16 Optical micrographs of the (a) 1045-N simulated core, (b) 1045-Q&T simulated core, and (c) 

1045-simulated case monotonic tensile samples, 4 pct. picric acid. 
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(a) (b) 

 

(c) 

Figure 4.17 Optical micrographs of the (a) 4145-HR simulated core, (b) 4145-Q&T simulated core, and (c) 

4145-simulated case monotonic tensile samples, 4 pct. picric acid. 

  

(a) (b) 

Figure 4.18 Optical micrographs of the (a) 1060-N and (b) 1060-simulated case monotonic tensile samples, 4 

pct. picric acid. 










































































































































































































































































































