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ABSTRACT

The effect of induction processing on the mechanical properties of SAE 1541 and 

4140 steel with controlled prior microstructures was evaluated. Prior microstructure 

effects during induction processing must be understood to optimize new bar steel grades 

and/or induction processing parameters. A prior microstructure matrix was developed for 

each alloy to include the complete range of micro structures which could be commercially 

produced. The microstructures included ferrite plus pearlite structures, bainitic 

structures, spheroidized structures, and martensitic structures for each alloy. Further 

variations were made in each microstructure class such as mixed microstructures, 

differences in pearlite interlamellar spacings, differences in ferrite/pearlite colony sizes, 

and different degrees of tempering. Cylindrical samples were induction processed with a 

250 kHz frequency, 12.5 kW power input, and a single-pass vertical scan unit. A single- 

tum inductor coil with an intergrated quench ring supplied an aqueous 4% polymer 

quenchant to each sample during processing. Each sample was tempered at 302 °F 

(150 °C) for one hour following induction processing and prior to any subsequent 

analysis.

Metallography following induction processing showed that SAE 1541 had greater 

depths of hardening than SAE 4140 when comparing similar microstructures. Peak 

hardness values near the surface for all samples ranged from approximately 650 HK 

(56 HRC) to 710 HK (59 HRC), excluding the ferrite plus spheroidized carbide prior 

microstructure samples, which were as low as 594 HK (53 HRC) for SAE 4140. The 

hardness decreased with depth more rapidly for coarse ferrite plus coarse pearlite and 

spheroidized carbide prior microstructures and maintained a more constant hardness near 

the surface for fine prior micro structure s containing bainite and/or martensite. Hardness 

values were a direct correlation between the volume fraction of martensite, the presence



of undissolved carbides, and/or the presence of retained ferrite in the induction-processed 

microstructure. The peak hardness values and greater depths of hardening contributed to 

larger fracture loads via three-point bend testing due to composite strengthening of the 

cylindrical test sample. Axial residual stress data showed more compressive residual 

stresses for thinner case depths, regardless o f the presence of undissolved carbides. SAE 

1541 with a spheroidized microstructure had a surface residual stress o f -550 MPa, while 

the quenched and temperd prior micro structure exhibited a stress o f—260 MPa.

However, retained ferrite in the prior microstructure may have been shown to 

accommodate expansion of the martensite upon rapid quenching and reduce the 

magnitude of the residual stress. The ferrite plus coarse pearlite prior micro structure 

formed from coarse austenite contained large retained ferrite grains in the shallow case 

and resulted in a surface residual stress o f only -240 MPa. The transition from 

compressive residual stress to tensile residual stress was very steep for micro structures 

with shallow case depths.

Carbon diffusional mechanisms during short-time austenitization played a large 

role in the microstructural evolution during induction processing. Coarse carbides and 

long diffusion distances due to large interlamellar spacings and/or large carbon-depleted 

ferrite grains in the prior microstructure were detrimental in forming homogeneous 

austenite during heating. As a result, peak hardness values were not achieved and 

shallower depths of hardening were exhibited. The depth to which martensite formed 

during induction processing showed significant correlations with hardness profiles, three- 

point bend testing, and residual stress measurements.
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1. INTRODUCTION

Surface induction hardening is a manufacturing process that offers a variety of 

advantages over conventional techniques to harden forged and other components due to 

its cost-effectiveness, good repeatability, minimal distortion, and minimal surface 

oxidation. The process takes advantage of high compressive residual stresses formed at 

the surface as well as a combination of strength and toughness needed for bending and 

torsional applications [1]. Depending on the specific application, the induction hardening 

process may be tailored to obtain the necessary mechanical properties by altering a 

variety of process-controlling parameters (ie. time, frequency, power, etc).

Austenite nucléation and growth from the parent microstructure upon heating 

must be considered for the rapid heating required with induction surface hardening.

Often times, carbide dissolution and austenite formation and/or homogenization are 

incomplete during the short heating times and high heating rates (frequently exceeding 

-150 °C/s) [2]. This may lead to undesirable case microstructures and detrimental 

mechanical properties. With induction hardening replacing conventional hardening 

techniques, the effect of prior microstructure must be understood in order to optimize 

new bar steel grades and/or processing parameters. Alloy variations, compositional 

gradients, and/or differences in cooling rates from mill to mill may affect the end-product 

microstructure supplied for induction hardening applications. Additionally, 

manufacturing requirements may not allow for optimum micro structures to be induction 

processed, such as a particular forged component requiring a spheroidized microstructure 

for a machining operation prior to subsequent induction hardening.

The goal o f this research project was to create a complete test matrix that included 

the full span of microstructures that could be commercially produced in two industrially 

common induction hardened alloys, SAE 1541 and 4140. Limited prior microstructure
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investigations have been performed by previous researchers, concluding that quenched 

and tempered prior microstructures respond most favorably to induction processing. The 

study presented here utilized differences in prior austenite grain size, cooling rate, and 

austempering temperatures to create a prior microstructure matrix that included ferrite 

plus pearlite structures, bainitic structures, spheroidized structures, and martensitic 

structures for each alloy. Further variations were made in each microstructure class, such 

as mixed microstructures, differences in interlamellar spacings in pearlite, differences in 

ferrite/pearlite colony sizes, and different degrees of martensite tempering. Each prior 

micro structure was subsequently induction hardened, and the resulting performance was 

based on metallography, microhardness profiles, three-point bending, and residual stress.
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2. LITERATURE REVIEW

2.1 Induction Hardening Principles

In 1831, Michael Faraday developed the basis for an induction heating technique 

that has developed into a process widely used today to heat metals. Induction heating is a 

technique commonly used in surface hardening, through-hardening, and tempering of 

steel by utilizing eddy current and hysteresis losses induced in the steel by alternating 

magnetic fields. Plain carbon or low alloy steels and cast irons are typically used for 

surface hardening applications, when the surface is austenitized during induction heating 

and then rapidly quenched to form a hard martensitic surface layer [3]. A tempering 

process is often employed following induction hardening to reduce the hardness of the 

hard, brittle martensite and relax subsurface tensile residual stresses [2, 6]. The energy 

flux introduced into the workpiece during the induction process may be more than three 

orders of magnitude greater than in conventional heating processes [4]. Resultant case 

depths and induction response are dependent on a variety of parameters: workpiece 

geometry, prior microstructure, the induction coil, geometry, alternating current 

frequency, time, and power density.

The two fundamental mechanisms of induction heating involve energy dissipation 

via the Joule effect and energy losses associated with magnetic hysteresis. The first is the 

primary mechanism for heating carbon steels [5]. The steel is heated by coupling a part 

with an inductor coil through which a high frequency alternating current is passed. The 

resulting electromagnetic field around the coil induces eddy currents in the surface layer 

o f the specimen and the workpiece is heated via the Joule effect [2]:

h =i2r (2.1)
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where H is the heat per unit time, I is the induced current, and R is the electrical 

resistance. Figure 2.1 shows a schematic for how eddy currents are induced for a single 

turn induction coil used for heating the surface of a bar. No contact is made between the 

workpiece and the induction coil, and the applied heat is restricted to localized area 

adjacent to the coil.

^cpzzzzzzz
Jzzzzzzzzd

In d u c tio n  coil M agne tic
fie ld

OD heating single-turn coil

Figure 2.1 : Schematic of the magnetic field produced by a single turn induction coil
for heating the O.D. of a cylindrical bar [6].

The second, less important mechanism for induction heating involves heating 

ferromagnetic steels below their Curie temperature. Molecular friction is induced as the 

magnetic dipoles are reversed by the alternating frequency. The energy required to 

reverse the dipoles is dissipated as heat, subsequently heating the workpiece. The heat 

produced is therefore proportional to the rate o f reversal, or the frequency o f the 

alternating current [5]. When the Curie temperature is reached, this mechanism will no 

longer contribute to heating the workpiece.

After the steel is heated and subsequently austenitized, the sample is rapidly 

cooled, or quenched, such that the surface material undergoes a diffusionless phase 

transformation to martensite. The depth of heating is a function of the penetration depth 

of the eddy currents and magnetic hysteresis into the part (skin depth), plus a small 

penetration consideration from heat conduction in the work piece during heating. The
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skin depth, Ô (in meters), is a function of the current frequency, f, and has been described 

by the following relationship [2]:

permeability o f the workpiece, and f  is the frequency (Hz). The skin depth, or 

penetration depth, has been defined as the distance from the surface containing 63% of 

the current and 86% of the power o f the total in the workpiece, respectively, which 

decrease exponentially from the surface into the core [2], Since the depth of penetration 

is smaller for higher frequencies, through-hardening is generally achieved at low 

frequencies while rapid austenitizing at small depths uses high frequencies. The 

permeability and resistivity in ferrous alloys are material properties that are dependent on 

the steel composition. Since resistivity increases with temperature, the penetration depth 

varies during heating. Additionally, the magnetic permeability will decrease as the 

temperature rises until the Curie temperature is reached, further increasing the penetration 

depth. At this temperature, the steel loses its magnetivity and the permeability drops to 

unity. The penetration depth will continue to increase due to Joule effects. With the 

short heating times utilized in surface induction hardening, a minimal heating depth 

contribution is due to conduction from thermal gradients from the surface to the core o f 

the part [2].

Additional to the alternating current frequency, other induction-processing 

variables modified to achieve a desired hardening depth are power, heating time, and the 

quenching system. Higher power induction settings result in higher heating rates which 

may reduce the conductive heat flow from the surface to the center o f the specimen, 

resulting primarily in heating due to the skin depth effect [7]. Higher heating rates will 

create a more distinct case-to-core transition and higher compressive residual stress at the 

surface while lower heating rates with lower power induction units result in a more

(2.2)

where p is the electrical resistivity (O-m) o f the workpiece, pr is the relative magnetic
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gradual transition in residual stress and microstructure. Heating time will affect 

transformation kinetics during the short-time austenitization of the prior microstructure 

and will also affect the amount of conduction into the workpiece. For scanning induction 

processing o f cylindrical bars, the heating time depends on the travel speed, as the part is 

moved through the induction coil. Kristofferson and Grum et al. showed that optimum 

heating times and power inputs exist to maximize compressive residual stress at the 

surface of a given part [8, 9]. Finally, a quenching system is developed to provide 

sufficient flow immediately following heating, with a typical setup shown in Figure 2.2, 

for a vertical scanning induction system similar to the one utilized in this study.

\ r Zzz
In d u c to r

Q u e n c h
ring

Figure 2.2: Typical induction setup for scanning induction processing o f a cylindrical
bar, showing a single-tum inductor and quench ring [10].

Short heating times, good repeatability, minimum distortion, and minimum 

surface oxidation allow for induction hardening to be utilized in a variety o f applications 

and manufacturing applications. Compressive residual stresses formed at the surface lead
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to an improvement in fatigue performance and longer operating life in induction hardened 

parts.

2.2 Residual Stress via Induction Processing

A residual stress is simply defined as the stress present in a material in the 

absence of externally applied forces or moments and may develop as a result of non- 

uniform strain [9]. Cold work, phase changes, and temperature gradients during heating 

or cooling may cause residual stresses [6]. Residual stress profiles may be oriented in 

any direction (ie. axial or longitudinal, circumferencial or tangential, and/or radial) and 

must possess both compressive and tensile components as the sum of the internal forces 

due to residual stresses must add to zero. Axial residual stresses are usually accompanied 

by circumferencial residual stresses with similar magnitude and sign, while radial 

residual stresses are smaller and only appear in parts with large cross sections [10]. A 

typical residual stress profile in a cylindrical workpiece resulting from surface induction 

hardening is shown in Figure 2.3. The exact residual stress pattern will depend on the 

heat treat process employed, the depth of hardening, and the severity of the quench.

Surface induction hardening provides a technique to produce axial compressive 

residual stresses at the surface of a part. Compressive stress layers at the surface are 

typically on the order o f 500-1000 MPa in the hardened case layer [11]. For this reason, 

induction surface hardening is often used in place of through-hardening for parts 

designed for bending or torsional strain. Compressive residual stresses improve 

mechanical properties by decreasing the susceptibility to stress concentrations and 

preventing crack initiation and propagation [1].

The primary mechanism for compressive residual stress induced during surface 

induction hardening is the volume expansion due to the transformation from austenite to 

martensite or other transformation product. The incremental change in volume is
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Figure 2.3: Schematic showing a typical axial residual stress profile of an induction
heating and quenched bar as a function of depth. Adapted from Rudnev et 
al. [2].

dependent upon the phase transformed and the carbon level. Volume expansions 

associated with various transformation products from austenite are shown in Table 2.1 for 

a 0.4 wt.% medium-carbon steel, assuming homogeneous austenite upon quenching [12]. 

After austenitizing the surface layer during induction heating, followed by a severe 

quench, a martensitic microstructure forms which occupies an increased volume 

approximately +4.4% greater than the austenite. As the transformed martensitic surface 

tries to expand, compressive stresses are formed at the surface as the core of the part 

cools. Compressive stresses at the surface are balanced by tensile stresses at the case-to- 

core interface [10]. Tempering of surface induction-hardened parts may lead to an 

increase in the endurance limit, due to the substantial reduction of the tensile stresses at 

the case-to-core interface [13].
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Table 2.1 -  Incremental Changes in Volume and Length as a Result of Austenitic
Transformations [12]

Phase Transformation % Volume Change

y -  iron to upper bainite + 3.7

y -  iron to lower bainite + 4.1

Y -  iron to martensite + 4.4

Along with phase transformation induced stresses from induction hardening, 

compressive residual stresses may be formed due to temperature gradients during the 

rapid heating and cooling utilized in the process. However, in a finite element study by 

Kim et al., it was shown that phase transformation plays a larger role on residual stresses 

than temperature gradients [14]. Due to the strong relationship between residual stress 

and volume change during the martensite formation, the amount of martensite at a 

particular depth from the surface plays a large role in the residual stress profile.

Koistinen and Marburger proposed an empirical equation for the volume fraction of 

martensite in a 0.37-1.1 % carbon steel formed during cooling, which is given by:

m = 1 -  exp[- k (Ms - T)] (2.3)

where m is the volume fraction martensite, k is a constant » 0.011 K"1, Ms is the 

martensite start temperature (in Kelvin), and T (in Kelvin) is the instantaneous 

temperature [15]. This equation ignores the possibility o f the formation of other 

transformation products such as bainite. In 1985, Melander established a relationship 

between the depth of martensite and residual stress for a 40 mm Swedish SS 2244 (~AISI 

4142) steel bar that was progressive induction hardened with a 300 Hz frequency and 

3.47 mm/s scan speed [3]. Figure 2.4 shows that the transition of residual stress from 

compressive to tensile stress occurs in the transition zone from the induction hardened 

martensite layer to the tempered martensite core prior structure.
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Figure 2.4: Experimental data relating residual stress to the depth o f the martensite
layer formed in an induction hardened SS 2244 (-AISI 4142) steel bar. 
Replottedfrom Melander, 1985 [3].

Typically during the induction hardening process, the cooling rate (or quench) is 

fast enough such that most o f the material transformed to austenite on heating will 

transform to martensite [14]. However, the prior microstructure will play a role in the 

residual stress profile since incomplete austenitization and/or inhomogeneous 

austenitization (i.e. with carbon concentration gradients remaining after heating) are 

frequently observed as a result of the short heating times associated with induction 

processing. Grum reports the findings of Denis et al. for a steel starting with a 

ferrite/pearlite mixed microstructure and induction hardened. Variations can be seen in 

residual stress profiles due to inhomogeneous austenization which also resulted in 

amounts of retained austenite in the case region due to higher carbon regions [4]. The
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diffusion of carbon during transformation of the prior micro structure to austenite is most 

likely limited by low-carbon solubility ferrite grains and short induction heating times. 

The inhomogeneous austenite resulted in a reduction in both compressive and tensile 

residual stresses after surface induction hardening [4]. For pearlitic prior structures, 

inhomogeneity of the austenite may also result in pearlite "ghosts", which resemble 

pearlite but have the approximate hardness o f martensite [16]. By varying the prior 

microstructure and thus affecting the diffusion distances and carbon gradients, 

inhomogeneous austenite may be formed.

The phases present in the prior microstructure may not dissolve completely due to 

the short heating times. In addition to affecting the hardness o f the martensite, coarse 

spheroidized or lamellar carbides remaining in the partially transformed austenite will 

affect the magnitude of the residual stresses in the hardened case structure. Canale et al. 

studied the effects of prior structure on the hardness and residual stress distribution in an 

induction hardened 4140 steel [17]. Upon comparing two similarly annealed 4140 

samples, induction hardened with different parameters (i.e. power and scan speed), the 

sample with more undissolved carbides had a lower compressive longitudinal residual 

stress [17]. A greater presence of undissolved carbides indicates a lower carbon 

martensite formed upon quenching, due to less carbon diffusing into the austenite upon 

heating. After quenching from austenite, carbon atoms located at octahedral sites are not 

able to partition between ferrite and cementite and are trapped into a tetragonal bcc 

structure referred to as martensite [18]. Lower carbon concentrations in martensite result 

in fewer filled interstitial sites and less tetragonality, as shown in Figure 2.5 [19]. A 

lower carbon martensite is frequently believed to reduce lattice strains and the associated 

volume expansion during transformation. However, there are published results indicating 

increased carbon levels reduce volume expansion associated with martensite formation 

[12] and this issue will be discussed further in the context of the residual stress profiles 

measured in this work.
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Figure 2.5: Change in lattice parameters as a function of carbon in a martensitic
structure for an iron-carbon alloy [18, 19].

2.3 Short-time Austenitization

Austenite formation in steel from the parent microstructure must be considered 

for the rapid heating required with induction surface hardening. Often times, carbide 

dissolution and austenite formation and/or homogenization are incomplete during the 

short heating times and high heating rates (frequently exceeding -150 °C/s) [2]. 

Differing from near-equilibrium heating involved with conventional furnace processing, 

rapid heating has been shown to shift transformation temperatures, affect diffusion- 

controlled growth, and introduce a condition of paraequilibrium [20] with respect to the 

diffusion of alloying elements. Several models have attempted to characterize high 

heating rate austenitization, however experimental observations o f the kinetics are
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difficult to achieve and the microstructure is destroyed upon quenching to martensite 

[20].
One key aspect of austenite formation is that the start and end of the 

transformation is shifted to higher temperatures as the heating rate is increased. The 

difference between the equilibrium transformation temperature at the beginning of the 

austenite formation to that at constant heating rates is given by the following model:

AAcl = C (T)U" (2.4)

where n « 3, 7  is the heating rate in °C/s, and C is a parameter determined 

experimentally via dilatometry. An assumption has been made that site saturation of 

austenite occurs at carbide/ferrite boundaries at the same time austenite growth begins, 

which has been observed experimentally at the Aci temperature [20]. Dilatometry and 

resistivity experiments by Feuerstein et al. show the effects o f the prior microstructure on 

the transformation to austenite for the high heating rates utilized in induction processing. 

Figure 2.6 shows that the AC3 critical temperature for 4130 steel increases with increasing 

heating rate for three different microstructures, varying to different degrees. The 

increases in AC3 have been attributed to tensile stresses developed as the material 

contracts upon transformation to a close-packed fee structure during the formation of 

austenite [21]. However, certain diffusional effects need to be considered. The quench 

and temper (low temperature) sample showed the least increase in the AC3 with heating 

rate and was closer to equilibrium due to the fine, evenly dispersed carbides in the 

microstructure. The increase in the critical temperature for austenitization was magnified 

by the coarse, annealed microstructure. Prior structures with coarse pearlite, coarse 

ferrite clusters or bands, or large carbides are not considered desirable for induction 

hardening since either higher temperatures or longer heating times are needed for 

transformation. For a heating rate of 300 °C/s, Durban [22] found similar shifts in the 

Ad (+70 °C) and AC3 (+100 °C) for a 50CrMo4 steel with a prior martensitic and ferrite + 

spheroidized carbide structure. Longer heating times required to dissolve coarse
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microstructures may lead to grain growth, formation of coarse martensite, a more gradual 

transition zone, and increased distortion in parts, all which reduce mechanical properties. 

A homogeneous quenched and tempered prior microstructure is considered favorable, 

since the austenitizing temperature is reduced and a higher hardness and deeper case 

depth results [2 , 16].
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Figure 2.6 Plot showing the effect of heating rate on the A C3 critical temperature for a 
4130 steel with different starting microstructures, based upon 
experimental dilatometry and resistivity measurements. Replotted from  
Feuerstein et al [21].

Several models exist to characterize austenite formation from various prior 

microstructures and alloys [20, 23-25]. The Johnson-Mehl-Avrami model has been 

applied to austenite formation, accounting for grain impingement. However, this model
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neglects diffusion from impinging grains and therefore never achieves complete 

transformation, resulting in an underestimate of the austenite growth rate. The unit cell 

model neglects grain impingement and provides an overestimate of the austenite growth 

rate. The unit cell model and Johnson-Mehl-Avrami model are considered to be the 

upper and lower bounds for austenite formation [20]. Speich and Szirmae [26] detail the 

initial nucléation of austenite for ferritic, spheroidized, and pearlitic microstructures, 

which preferentially occurs on boundaries, as shown in Figure 2.7.

a 2  S r

'Austenite 
Carbide

a 3
(a.) Ferrite (b.) Spheroidite

Figure 2.7: Favorable nucléation sites for austenite for a variety of prior structures [26].

(c.) Pearlite

Nucléation in pure iron occurs along a /a  boundaries and grains grow preferentially in 

one direction due to the low-energy a/y interface. Nucléation in a spheroidized structure 

occurs at the junction of ferrite and carbide, and eventually the spheriodite will be 

enveloped by the austenite as dissolution continues. In pearlitic structures, nucléation 

occurs at pearlite colony boundaries and growth is controlled by carbon diffusion into 

austenite [26]. Speich et al. [26] and Jacot et al. [23] claim that there is no evidence of 

austenite nucléation at interlamellar interfaces within a pearlite colony.

Yakovleva et a l [27] suggests that diffusionless austenite formation and growth 

may occur in pearlitic prior structures upon ultrarapid heating rates exceeding 30,000 K/s, 

rates not achievable in conventional heating methods. Kaluba et al. [28] introduced a
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bainitic mechanism for the a —>y transformation for heating rates exceeding 1200 °C/s, 

showing that the appearance of austenite during its early stage is similar to upper bainitic 

ferrite with a Kurdjumov-Sachs relationship with the parent ferrite grain. This 

mechanism was criticized by Aaronson and Nie, as it was not believed that a reversed 

mode of austenite decomposition could take place [29]. Kaluba et al. indicated later that 

the bainitic term refers specifically to the nature of the lath-shaped austenite forming 

under metastable conditions from the a —>y transformation with concurrent cementite 

dissolution [30].

Alloying elements affect the austenite transformation by altering the chemical 

potential o f carbon, and thus influencing the diffusion coefficient and the equilibrium at 

the interfaces. Hillert et al. [31] studied the effects o f alloying elements and considers 

different types o f cementite dissolution. He separates the cementite dissolution/ 

austentization process into three steps: 1 . carbon-controlled diffusion from the cementite 

into the austenite without long-range alloy transport, 2 . further carbon diffusion into the 

austenite, with the initiation of alloying elements diffusing away from the y/FegC 

boundary, and 3. diffusion of alloy elements in austenite [31]. However, Rodel and Spies 

[2 0 ] postulate that in induction processing, a paraequilibrium condition exists since 

diffusion of large substitutional atoms is restricted by the short heating times and they 

assume that only mobile diffusing species, such as carbon, will partition at the interfaces. 

A better understanding of nonequilibrium element partitioning is suggested to be 

necessary to improve current models [20]. A massive austenite transformation 

mechanism has also been considered, without partitioning of any element. In this case, 

austenite growth is dependent on interface mobility and on the decrease of free energy 

between ferrite and austenite [2 0 ].
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2.4 Mechanical Properties

Surface induction hardening takes advantage of high compressive residual 

stresses formed at the surface as well as a combination of strength and toughness needed 

for bending and torsional applications [1]. Depending on the specific application, the 

induction hardening process may be tailored to obtain the necessary mechanical 

properties. Bearings, rocker arms, pump shafts, and skid plates require shallow case 

depths (~ 0.25 mm to 1 mm) and high hardness surfaces for wear resistance. Gears, 

camshafts, and crankshafts require wear resistance and higher case depths (1.5 mm to

2.5 mm) to withstand higher loading capacities. Parts that experience very high loads 

such as axle shafts, wheel spindles, and heavy-duty gears typically require case depths 

from 3.5 mm up to 12 mm [2].

For shaft applications, failures may occur due to fatigue, bending/torsion 

overload, or a combination of fatigue followed by overload. Bending overload failures 

will contain chevrons pointing to the origin, with the absence of the polished fracture 

surface exhibited in fatigue failures. Fatigue fractures will be smoother and will radiate 

away from the origin, with or without striations. Typically in surface induction 

applications, the fracture is intergranular, but overload and low cycle fatigue may exhibit 

cleavage and/or dimple rupture features [32]. Santos et al. [33] showed that a surface 

induction hardened sample tested monotonically in three point bending failed by 

intergranular fracture with some ductile rupture in the case and by transgranular cleavage 

in the tempered martensite core.

The presence o f compressive residual stresses at the surface modify the effective 

fatigue and bending strength of the material. The effective strengths may be considered a 

superposition of the intrinsic material (residual stress free) fatigue and/or bending 

properties with the residual stress profile as a function of depth. Therefore, a material 

loaded in bending will fail when the stress exceeds the intrinsic material strength plus the 

level of residual stress at the surface [34]. However, if high tensile residual stresses exist

o •,¥
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below the surface (ie. at the transition from the case-to-core), subsurface cracks may be 

initiated.

After austenitization and subsequent quenching during induction processing, it is 

often difficult to predict the microstructure and hardness. Standard Grossmann’s or 

Jominy end-quench tests reportedly cannot be applied equivalently to induction 

hardening for many factors [2 ]:

1. Higher cooling rates utilized in induction hardening, often exceeding 
100 °C/s, may produce misleading results.

2. Non-homogeneous austenite due to short heating times will shift 
hardenability curves.

3. Ai and A3 curves are shifted due to intensive heating utilized in 
induction.

4. Quenching may be affected by the cold core during surface induction 
hardening, leading to a more severe quench.

5. Hardenability tests usually are geometry specific to cylinders and may 
not necessarily be applied to complex shapes.

Beyond the reasons mentioned above, a phenomena o f superhardness is often 

associated with induction hardening. Superhardness, as illustrated in Figure 2.8, is an 

effect which accounts for a 6 - 8  HRC hardness increase for hypoeutectoid induction 

hardened specimens over values typically observed in conventional furnace hardening, o f 

steels with identical carbon levels. While several theories exist as to why superhardening 

occurs, many have attributed the hardness increase to prior austenite grain refinement 

(and finer martensite), inhomogeneous austenite, and/or the presence o f residual stresses 

[16, 18,35-38].

Prior microstructure plays a large role in the depth of hardening based on 

diffusion distances and relative sizes o f the dissolving carbides. Figure 2.9 shows the 

effect o f prior structure, for 1070 steel specimens surface induction heat treated with the
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same induction parameters [10]. It can be seen that a quench and tempered structure 

leads to a deeper hardened case than an annealed structure of the same alloy, hardened 

under the same conditions. The samples were heated to 925 °C in one second and were 

water quenched.

Superhardness

Numbers indicate per cent 
of soluble oil in water

0.30 0.40 0.50
Carbon, %

0.60 0.70

Figure 2.8: The superhardness phenomena produced by induction hardening (top two
curves), as compared to conventional furnace hardening (solid bottom 
curve) [7, 18].

For the prior structures induction treated with identical heating rates, the apparent 

AC3 temperatures were reported to be 910 °C, 855 °C, and 815 °C for the annealed, 

normalized, and tempered martensite micro structures, respectively [10]. This leads to 

austenitization at a greater depth and therefore deeper hardening for the quench and 

tempered structure than the annealed and normalized structure.
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Figure 2.9 Hardness profile for a 1070 steel bar surface induction hardened using a 
450 kHz frequency at a 2.5 kW/cm2 power density [10].

2.5 Experimental Design

Induction processing is replacing conventional heating and hardening techniques 

that have been employed for years in producing a variety of forged and other 

components. However, as technologies are improved in steel making and manufacturing 

techniques, new microstructural effects may exist that could play a large role in 

subsequent induction hardening applications. The effect o f prior microstructure on 

induction hardening must be understood in order to optimize new bar steel grades and/or 

processing parameters.
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This study sets up a systematic approach to evaluating the effect of prior 

microstructure on the induction hardenability of steel. In order to accomplish this 

directly, it was important to eliminate other processing variables utilized in surface 

induction hardening. Two industrially common alloys were selected, SAE 1541 and 

SAE 4140. These alloys are found in a variety of induction hardening applications in 

industry and represent a lower alloy and higher alloy steel, respectively. A simple right 

cylinder sample geometry was selected to allow for progressive induction scanning with a 

single-tum inductor coil for uniform, consistent heating along the length of the sample. 

The induction parameters (ie. time, frequency, power, quench, geometry) were left 

constant to observe changes in performance based directly on prior microstructure.

The thermal history is very important from the time the steel is made in the mill. 

Alloy variations, compositional gradients, and/or differences in cooling rates from mill to 

mill will affect the end-product microstructure which is sent out to be subsequently 

induction hardened. There may be treatments needed where a particular forged 

component may require significant machining prior to hardening, resulting in the 

induction processing o f a less-than-favorable prior microstructure that was needed for the 

machining operations. The experimental design called for the development of a prior 

microstructure matrix that could represent a complete range of microstructures that could 

be commercially produced for SAE 1541 and SAE 4140 steels. Incorporated into the 

creation of the prior microstructure matrix were differences in prior austenite grain size, 

cooling rate, austempering temperatures, and the tempering o f quenched martensite. As a 

result o f strategic thermal treatment development, the matrix included ferrite plus pearlite 

structures, bainitic structures, spheroidized structures, and martensitic structures for each 

alloy. Further variations were made in each microstructure class, such as mixed 

microstructures, differences in interlamellar spacings in pearlite, differences in 

ferrite/pearlite colony sizes, and different degrees of tempered martensite.

Methods to evaluate the induction hardenability and mechanical properties of 

each prior microstructure included metallographic techniques, hardness testing, residual
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stress analysis, three-point bend testing, and fractography. Metallographic evaluation 

included nital etching, picral etching, and color tint etching to bring out the 

microstructure as a function of depth. Hardness profiles were performed via Knoop 

microhardness testing, using a constant load and dwell time. Residual stress 

measurements were performed using x-ray diffraction, with a standard multiple exposure 

sin2vF technique utilized in industry with chromium Kcc x-ray radiation. Three-point 

bend testing was utilized due to the accommodation of the simple right cylinder geometry 

and the readily available fixturing in CSM laboratories. Digital imaging equipment and 

scanning electron microscopes at CSM also allowed for the evaluation of fracture 

surfaces following testing.
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3. EXPERIMENTAL PROCEDURES

3.1 Material Selection

Two industrially-common medium carbon steels were utilized in this study: SAE 

1541 provided by North Star Steel and SAE 4140 provided by MacSteel. The 1541 steel 

was received as 15.9 mm (5/8 in) diameter bar in the as-hot rolled condition and as 

14.3 mm (9/16 in) diameter bar in the 19% cold-drawn condition (from the hot-rolled 

condition). The 4140 steel was received in 32.0 mm (1.259 in) bar in the quenched and 

tempered condition. The steel was air cooled following hot rolling and was through- 

induction heated into the austenite phase field at a temperature o f 849 °C (1560 °F) and 

quenched in water. The steel was then induction tempered at 760 °C (1400 °F) for 

0.717 s and air-cooled. The chemical compositions of the as-received steels are shown 

below in Table 3.1.

Table 3.1 : Chemical Composition of the Steel Selections (wt. %)

Steel C Mn P S Si Cu Ni Cr Mo V Al

SAE 1541 0.39 1.45 0.015 0.029 0.25 0.13 0.06 0.10 0.01 - 0.031

SAE 4140 0.42 0.90 0.011 0.031 0.20 0.15 0.09 0.95 0.20 0.004 0.026

Alloying elements play a large role in the hardenability and mechanical 

properties. Both 1541 and 4140 have similar carbon contents, the principal strengthening 

and hardening element in steel. High manganese concentrations in both steels increase 

both strength and toughness and produce a significant effect on increasing hardenability. 

Molybdenum in 4140 steel also increases hardenability, similar to manganese, and 

chromium provides low temperature toughness, increased hardenability, and in some
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instances wear resistance [39]. Due to alloy content, SAE 1541 and SAE 4140 steel may 

be through-hardened in limited section sizes and are induction hardenable. Based on the 

compositions in Table 3.1, the martensite start temperatures for both alloys were 

calculated by applying Eq. 3.1 [40]. Additional critical transformation temperatures also 

calculated from Eq. 3.2 and 3.3 [41]. Note that only the necessary terms are shown 

below. The results are shown in Table 3.2.

Ms (°C) = 561 -  474 (%C) -  33 (% Mn) -  17 (%Ni) (3.1)
-  17 (%Cr) -  21 (%Mo)

Aci (°C) = 723 -  10.7 (% Mn) -  16.9 (%Ni) (3.2)

+ 29.1 (%Si) + 16.9 (%Cr)

Acs CC) = 910 -  203 V%C -  15.2 (%Ni) + 44.7 (%Si) (3.3)

+ 104 (%V) + 31.5 (%Mo) -  30 (%Mn) -  11 (%Cr)

-  20 (%Cu) + 700 (%P) + 400 (%A1)

TABLE 3.2 -  Critical Transformation Temperatures for SAE 1541 and 4140

M, % Ac*
1541 325 °C 715 °C 769 °C
4140 310 °C 734 °C 770 °C

3.2 M achining

Machining operations were performed on SAE 1541 and 4140 steel to create 

adequate sections sizes and geometries used to create the various prior microstructures 

and perform mechanical testing on selected samples.
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3.2.1 Pre-Heat Treatment Machining

A section size of 15.9 mm (5/8 in) was chosen to perform the heat treatments in 

CSM labs to create each prior microstructure. The as-received 4140 steel was turned 

down on a lathe prior to subsequent heat treatments and the 1541 steel was received with 

the desired section size. The 4140 and 1541 steel bars were cut to 20.3 cm ( 8  in) lengths, 

and small through-section fixturing holes used for wire support during heat treating were 

drilled within 19 mm (3A in) from one end of the samples to be heat treated in molten salt 

baths.

3.2.2 Post-Heat Treatment Machining

The final specimen dimensions are shown in Figure 1, prior to induction 

hardening and subsequent testing and analysis. Following heat treatment, conical

0 0 .5 0 0  ±0.001 inch
8 inch

0.0625 inch

[
0.125 ±0.005 inch

Figure 3.1 : Machining dimensions for the induction hardening specimens, final-
machined following heat treatment.

centerholes were drilled into the ends of each bar to accommodate the induction process 

fixturing. For samples with hardnesses exceeding 40 HRC, centerholes were drilled prior 

to heat treatment. The heat-treated bars were then machined by turning each sample from 

15.9 mm (5/8 in) diameter to approximately 13.5 mm (17/32 in) diameter on a lathe to 

conserve concentricity with the centerholes. Finally, the samples were centerless ground 

to 12.7 mm (/4 in) to achieve a clean, decarburization-ffee surface of 16 mils RA or 

better. The final specimen dimensions are shown in Figure 1, prior to induction 

processing and subsequent testing and analysis.
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3.2.3 SAE 1541 Steel Tensile Samples

Machining o f round tensile samples was performed to evaluate the degree of 

work-hardening in the cold-drawn 1541 steel. Samples were machined from bar stock o f 

the as-hot rolled 1541 as well as the 19 % cold-drawn 1541 steel. Figure 3.2 shows the 

machining dimensions of the tensile samples that were used. The surface finish in the 

gauge section was the best available lathe finish.

—-  1.60 inch

j  0 0 .4 5 0  inch

^ ^ ^ 0 0 .2 5 0  + 0
R0.250 inch 7

-•—1.50 inch —

005 inch

Figure 3.2: Machining dimensions for round tensile samples machined from as-hot
rolled 1541 Steel and 19% cold-drawn 1541 steel.

3.3 Prior Microstructure Heat Treatments

Prior to induction hardening, the alloys were heat treated at CSM and Daimler- 

Chrysler Corporation to produce a variety o f different microstructures: bainite, ferrite- 

pearlite, and quenched and tempered (Q&T) martensite. Within each class, variations 

were produced to investigate further effects o f prior micro structure: prior austenite grain 

size, ferrite grain size/pearlite distribution, and mixed microstructures. Using isothermal 

transformation and continuous cooling transformation diagrams, procedures to develop 

these microstructures for each material are summarized in Table 3.3 and Table 3.4. Heat 

treatments were performed using conventional furnaces and molten salt baths followed 

by variations in cooling by quenching in agitated oil or water, furnace cooling, air 

cooling, or forced air cooling where appropriate.



27

TABLE 3.3 -  Prior Micro structure Test Matrix -  SAE 4140

Ferrite + Coarse Pearlite 
(Small prior austenite grain size)

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Furnace cool

Ferrite + Partially Spheroidized 
Pearlite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Step furnace cool from 1292 °F (700 °C) to 1157 °F (625 °C) 
holding at each 77 °F (25 °C) increment for 30 minutes

3. Air Cool

Ferrite + Coarse Pearlite 
(Large prior austenite grain size)

1. Heat to 2012 °F (1100 °C) for 30 
minutes

2. Furnace cool

Ferrite + Bainite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid cool to 860 °F (460 °C) and hold for 50 minutes
3. Air Cool

Bainite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid cool to 662 °F (350 °C) and hold for 50 minutes
3. Air Cool

As-Quenched Martensite
1. Heat to 1652 °F (900 °C) for 30 

minutes
2. Rapid quench in oil at room temperature with agitation

Tempered Martensite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid quench in oil at room temperature with agitation
3. Temper at 932 °F (500 °C) for 60 minutes
4. Air Cool

Ferrite + Spheroidized Carbides

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid quench in oil at room temperature with agitation
3. Heat to 1292 °F (700 °C) for 48 hrs.
4. Air Cool
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TABLE 3.4 — Prior Microstructure Test Matrix — SAE 1541

Procedure

Ferrite + Coarse Pearlite 
(Small prior austenite grain size)

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Furnace cool

Ferrite + Partially Spheroidized 
Pearlite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Step furnace cool from 1292 °F (700 °C) to 1157 °F (625 °C) 
holding at each 77 °F (25 °C) increment for 30 minutes

3. Air cool

Ferrite + Coarse Pearlite 
(Large prior austenite grain size)

1. Heat to 2012 °F (1100 °C) for 30 
minutes

2. Furnace cool

Ferrite + Fine Pearlite 1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Forced air cool

Ferrite + Pearlite + Bainite 
(Daimler-Chrysler Corp.)

1. Heat to 1575 °F (860 °C) for 20 
minutes

2. Rapid cool to 750 °F (400 °C) and hold for 60 minutes
3. Air Cool

Ferrite + Pearlite + Bainite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid cool to 662 °F (350 °C) and hold for 50 minutes
3. Air Cool

Ferrite + Pearlite + Bainite 
(Daimler-Chrysler Corp.)

1. Heat to 1575 °F (857 °C) for 20 
minutes

2. Rapid cool to 615 °F (324 °C) and hold for 60 minutes
3. Air Cool

As-Quenched Martensite
1. Heat to 1652 °F (900 °C) for 30 

minutes
2. Rapid quench in water at room temperature with agitation
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TABLE 3.4 Continued — Prior Microstructure Test Matrix — SAE 1541

Tempered Martensite

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid quench in oil at room temperature with agitation
3. Temper at 932 °F (500 °C) for 60 minutes
4. Air Cool

Ferrite + Spheroidized Carbides

1. Heat to 1652 °F (900 °C) for 30 
minutes

2. Rapid quench in oil at room temperature with agitation
3. Heat at 1292 °F (700 °C) for 48 hrs.
4. Air Cool

As-Hot Rolled As-received microstructure

19% Cold Drawn 1. The as-received 1.6 cm (5/8 inch) bar in the as-hot rolled 
condition was cold-drawn to 1.4 cm (9/16 inch)

For samples heat treated in conventional furnaces, three 20.3 cm ( 8  in) test 

specimens plus a 7.6 cm (3 in) metallographic specimen were placed into a SENTRY 

stainless steel heat treat bag along with titanium chips (to preferentially oxidize) to ensure 

the decarburization/oxide layer did not exceed the layer to be removed during final 

machining. Temperature control was regulated by the thermocouple located in the rear 

center o f the Carbolite, Type CWF 12/13 furnaces. For samples heat treated via molten 

salt pots, a fixture was rigged to hang three equally-spaced specimens in a triangle 

pattern, with a three inch metallographic specimen suspended in the middle.

Temperature was carefully monitored near the middle of each specimen, in the effective 

three point bend test area, with a portable Doric Trendicator 410A temperature indicator. 

Three compositionally-optimized salt baths at CSM labs, with salt compositions listed in
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Table 3.5, were utilized to create the various microstructures. Salt bath compositions at 

Daimler-Chrysler Corporation are unknown.

TABLE 3.5 — Salt Bath Compositions

High Temperature 1499-2102 °F 
(815 - 1150 °C)

90% Barium Chloride 
10% Sodium Chloride

Medium Temperature 1103-1652 °F 
(595 - 900 °C)

50% Barium Chloride 
25% Sodium Chloride 
25% Potassium Chloride

Low Temperature 302-1094 °F 
(150-590  °C)

55% Potassium Nitrate 
40% Sodium Nitrite 
5% Sodium Nitrate

When quenching was necessary, samples were rapidly quenched in the 

appropriate quenching medium (oil or water) by immediately removing the stainless steel 

bag from the conventional furnace and cutting an end off. Within a few seconds, the 

samples were dumped from the cut bag into the quenchant. The oil or water was 

vigorously agitated to help expedite the quench. Following heat treatment, the three-inch 

specimen was sectioned through the center, and one end was mounted in bakelite for 

metallographic inspection.

3.4 Metallography

Metallographic inspection included pre-induction micro structural evaluation as 

well as post-induction evaluation to investigate microstructural evolution. Various 

etching techniques were utilized.

3.4.1 Pre-Induction Hardening Metallography

Following heat treatments to create the prior microstructures, the 7.6 cm (3 in) 

metallographic specimens were carefully sectioned down the middle with a Leco cut-off
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saw. The center portion was then mounted face down (to avoid possible end effects 

created during heat treatment) with bakelite in a Leco PR-32 hot mounting press. The 

mounted samples were then ground with abrasive SiC papers in the following grit order: 

180, 220, 240, 320, 400, and 600. Each specimen was then polished with 6  pm diamond 

suspension, followed by 1 pm diamond, and 0.25 pm diamond immediately prior to 

etching. The polished specimen was etched in either 2% nital or 4% picral solutions to 

reveal the microstructure following heat treatment, as appropriate. The microstructures 

were observed with a Leco Olympus PGM-3 optical microscope at magnifications up to 

lOOOx, and digital images were obtained using an Olympus DP-12 digital photo system to 

document key attributes o f the microstructures.

3.4.2 Prior Austentite Grain Size Determination

The prior austenite grain size was determined for two austenitizing temperatures 

utilized to vary the ferrite/pearlite packet size distribution in the prior microstructures:

900 °C and 1100 °C. Samples o f 4140 and 1541 steel were heated for 30 minutes and 

were rapidly quenched in oil to form martensite or NMTP (non-martensitic 

transformation product). The following procedure was employed to reveal the prior 

austenite grains in the resulting microstructure [42]:

1. A 7.6 cm (3”) metallographic specimen of 1541 or 4140 steel was heat 
treated with approximately the same load size as three test specimens by 
heating to 900 °C (1652 °F) or 1100 °C (2012 °F) for 35 minutes and 
quenching in oil.

2. 100 ml of picric acid was mixed with 2 ml o f Teepol and 2 drops of 
hydrochloric acid in a beaker.

3. The solution was heated on a hot plate to a gentle boil.

4. The mounted specimen was submersed in the liquid for 30 seconds, wiped 
clean with a cotton ball, and rinsed with ethanol and dried.
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5. The sample was lightly backpolished with 0.25 pm diamond to remove the 
martensitic/bainitic structure and enhance the prior austenite grain 
appearance.

6 . Steps 3-5 were repeated until prior austenite grain appearance was 
sufficient for an accurate grain size count.

The prior austenite grain size was measured by counting the number of grain 

boundary intersections with three circles totaling 500 mm in length. Five applications o f 

this process were averaged, and these mean intercept values along with the known 

magnification of the image were used to determine the ASTM grain size number. Since 

grain growth increases exponentially with temperature, grain size for the samples rapidly 

quenched from 900 °C (1652 °F) and 1100 °C (2012 °F) were considered representative 

of those that were furnace cooled from the same temperatures, respectively. Further 

details regarding prior austenite grain size determination may be found in 

ASTM El 12 [43].

3.4.3 Post-Induction Metallography

Following induction processing, the samples were mechanically tested in three- 

point bending. Two samples were then cut immediately adjacent to the fracture surfaces 

and mounted in bakelite with a Leco PR-32 hot mounting press. The mounted samples 

were then ground with abrasive SiC papers in the following grit order using automatic 

grinding to enhance edge retention: 180, 220, 240, 320, 400, and 600. Each sample was 

then hand-polished with 6  jam diamond suspension, followed by 1 pm diamond. For 

each prior microstructure, one of the polished specimens was etched in 2 % nital for 

7-10 seconds and the other was color tint etched, as described in the following section. 

For each etching condition, hardness profiles were used to obtain micrographs at various 

depths from the surface (ie. near the surface, near the transition zone, in the transition 

zone, and in the core) with a Leco Olympus PGM-3 optical microscope at 500x 

magnification. Digital images were obtained using a PAXCam digital photo system
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interfaced with Pax-It computer software. Due to the large influence of the prior 

microstructure on the hardening depth, micrographs were not necessarily obtained at 

similar depths. The approximate volume fraction of martensite as a function of depth 

was found using standard manual point counting techniques outline in ASTM E562 [44]. 

Color tint micrographs taken at 500x were used to evaluate each microstructure, using a 

standard analysis area. This quantitative evaluation did not account for ultra fine retained 

austenite or undissolved carbides within the martensite. Scanning electron microscopy 

was utilized to show key attributes of selected microstructures at higher magnifications. 

SEM samples were gold sputter coated prior to imaging.

3.4.4 Color-Tint Etching

Color-tint etching was utilized in this study to help differentiate between 

martensitic and non-martensitic phases in the microstructure. Following polishing to 

1 pm diamond, the samples were etched for 15-20 seconds in 4% picral, rinsed in ethanol 

and dried. The samples were then rinsed in distilled water and immediately dipped in an 

aqueous 10% sodium metabisulfite solution for 7-8 seconds, rinsed with water then 

ethanol, and dried. The samples were then observed under low magnifications (< 200x) 

to ensure that the martensite was sufficiently tinted an orange/brown color to differentiate 

from the prior microstructures [45].

3.5 Induction Processing

Induction processing was performed at Daimler Chrysler Corporation, at the 

Technical Center in Auburn Hills, MI. The induction parameters were determined prior 

to testing research samples, with an aim case depth o f 3 mm for a tempered martensite 

prior microstructure. The induction system utilized was by Welduction Co., using a 

tube-type radio frequency oscillator and an 80 kW power supply. Frequency for the radio 

tube is determined by load resonance, and the operating range of the tube is 200-450 kHz.
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During the induction hardening process, processing data were manually recorded, and are 

shown in Table 3.6. The frequency used for induction processing was 250 kHz, as 

indicated by technicians at Daimler-Chrysler Corporation. The approximate efficiency of 

the system was 50%, so the power input into the samples was calculated by multiplying 

the anode voltage, anode current, and efficiency, or 12.5 kW.

TABLE 3.6 -  Induction Process Data
Anode Voltage (Direct Current) 4.75-5.0 kV
RF Tank Current (Radio Frequency) 1.6 Amps
Anode Current (Direct Current) 4.75 -  5.0 Amps
Grid Current (Direct Current) 0.350 Amps

A vertical induction scanner setup was utilized during processing, shown in 

Figure 3.3. A single-tum inductor coil was used with an integrated quench system that 

included synthetic polymer quench (4% aqueous Aqua Quench 365 made by Houghton 

International), at 72 °F (22 °C). The vertical scan speed was 15 mm/sec, and the 

cylindrical sample rotated concentrically at approximately 1 2 0  rpm during processing.

Figure 3.3: Images showing the induction setup at Daimler-Chrysler Corporation used
to identically process each sample: (a.) vertical scan unit with arrow 
pointing to sample, and (b.) coil with quench flow during processing.
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Following induction hardening, each sample was tempered for one hour at 

302 °F (150 °C) in a conventional furnace to reduce subsurface tensile stresses and 

prevent subsurface cracking during three-point bend testing.

3.6 Microhardness Profiles

Knoop hardness testing was performed with a Leco MNT Series 200 

microhardness tester for each prior microstructure, following induction hardening and 

subsequent tempering [46]. A 500 g load was used with a 10 second dwell time, to 

provide consistent hardness measurements for each sample. A traverse profile was 

obtained from the surface into the core microstructure for each sample. Knoop hardness 

values were converted to HRC or HRB using standard ASTM tables [47] and the 

following equation to convert Knoop hardness to HRC for loads between 500 g and 

1000 g [48]:

HRC = +6.43102^ + 01 + 7.59497E - 03(HK500_1000 ) +
1.13729E-05(HK500_1000)2 -U 7 5 1 5 E  + 0 4 ( / « 5O, r "  )

3.7 Residual Stress Measurements

The method chosen to determine the residual stresses in the induction hardened 

samples was a multiple exposure or sin2 'F  technique to relate lattice strains to stresses, as 

outlined in Cullity and SAE J784 [49, 50]. The surface residual stress was determined 

for each prior microstructure for both SAE 1541 and SAE 4140. Six different prior 

microstructure SAE 1541 samples were selected for complete residual stress profiles as a 

function of depth: ferrite + coarse pearlite (large prior austenite grain size), quenched 

and tempered martensite, spheroidized, as-hot rolled, cold-drawn, and pearlite + bainite 

(750 °F [400 °C] austemper). The basis for choosing the samples was to eliminate the
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variable o f composition, but to cover a range of prior microstructures and hardening 

depths.

Considering an x-ray measurement on a surface ( 0 3  = 0), the basic equation to

where E is the modulus of elasticity, v is Poisson’s ratio, Y is the angle between the 

measured planes and the surface, and <j\ / 0 2  are principal stress components.

The direction of the surface stress may be made to coincide with any designated 

direction: longitudinal, transverse, circumferential, or any other arbitrary direction. 

Stress measurements for the induction hardened samples were performed in the axial 

direction. Therefore, the sample was positioned such that the axial direction was parallel 

to the plane of the goniometer table rotation and perpendicular the goniometer axis of 

rotation. At least two measurements were made of the lattice spacing for a particular set 

of hkl planes, one of a strain perpendicular to the surface (cp=0) and the second at a 

rotated angle, cp, to the surface normal. The orientation relationships are shown below.

fc»i-* 01 irwfcjs* r%i * Mr-#* \ vr*\ u rrf t 01 f%i a kiero » _________________

relate lattice strains and surface stress in any direction on the surface is given by the 

following [49]:

(3.5)

/ y  SURFACI
\ j

A T TH E A N G L E  ^  
TO THE SURFACE

PARALLEL TO THE 
SURFACE ;y = 0 z d 1 , INTERPLANAR 

I SPACING dvr , INTERPLANAR

DIRECTION SPECIMEN
SURFACE DIFFRACTION NORMAL

DIRECTION 
OF STRESSy

INCIDENT 
X-RAY BEAM

DIFFRACTION NORMAL

INCIDENT 
X-RAY BEAM DIFFRACTED’ 

X-RAY BEAM

Figure 3.4 Schematic showing the orientation of measured lattice planes with respect to the 
specimen surface for (A) ^ = 0  and (B) the specimen rotated T' degrees [49].
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During the x-ray measurements, planes which diffract an incident beam 

perpendicular to the surface o f the specimen are almost parallel to the surface when cp=0 . 

The measured d-spacing is therefore an approximation in the direction of the surface 

normal. Therefore, the following derivation may be made [49]:

= ^  (3-6)
do d 0

Since the angle, cp is equal to zero for e± , equation 3.5 may be reduced to the 

following:

s _L = —— (cr, + cr2) or e± = —-cr, [a2 = O] (3.7)
E t,

Since at least two x-ray exposures are made at different cp-values, equation 3.7 

may be substituted into equation 3.5 to reveal a simplified expression for the strain and 

stress at the surface:

o' (j, sin T + (3.8)
y

C* = (^04- I (3-9)s in 2T y

In the equation above, is equivalent to the difference in the interplanar

spacing o f the atomic planes that lie perpendicular to 'T in the stressed and unstressed 

conditions. Therefore,

= — -----   and s . = —-  (3.10)

= = (3.11)
do d ±

Finally, expression 3.11 may be substituted into 3.9, yielding a useful relationship 

to obtain the residual stress in any direction for a uniaxial or biaxial stress system.
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=  cr
~ d L (  E \ (3.12)

X d± V  +{ l  + u j s m 2x¥

The d-spacings are calculated using Cr-Ka radiation with a wavelength of 

2.2897 angstroms, T* -values between 0° and 45°, and by fitting a six degree polynomial 

to the (211)-BCC peak to obtain the shifted 20-values. Using a Philips Expert MPD 

diffractometer, the step size was 0.01° 2-theta, the time per step was 1.5 seconds, and the 

scan range was 147°-163° 2-theta. A high-angle reflection was used to minimize error in 

the sin 0 vs. 0 relationship. The generator voltage was set at 45 kV and the generator 

current at 40 kA and a vanadium filter was used.

The (Ad/d) vs. (sin2 T* ) for five'F -values ranging from 0° to 45° measured at the 

surface were then plotted to find the slope of a best-fit line. A negative slope indicated a 

compressive residual stress in the axial direction. The slope was substituted into 

equation 3.13 to yield the residual stress. For subsurface measurements, two T* -values 

(0° and 45°) were used. Poisson’s ratio was assumed to be equal to 0.27 and the modulus 

of elasticity was taken as 195 GPa for an isotropic steel. The values for Poisson’s ratio 

and the modulus of elasticity reflect values reportedly in literature for 0.40 wt.% carbon 

steel, Cr radiation, and (211) diffracting plane [51, 52].

In order to obtain the residual stress as function o f the depth below the surface, 

layer removal was employed and the above process for an x-ray scan was repeated. A 

solution containing 5 mL hydrofluoric acid (HF), 50 ml distilled water (FfzO), and 50 mL 

hydrogen peroxide (H2O2) was placed in a plastic beaker. The cylindrical specimen was

about 20 pm/min, with the rate increasing as additional layers were removed. The

(3.13)

placed upright in the solution for a given amount o f time to dissolve metal radially into 

the surface, assumed to be uniform. The solution dissolved the hardened case at a rate o f
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diameter was measured for reference prior to each x-ray scan and subsequent layer 

removal.

The measured residual stress values were mathematically corrected to compensate 

for stress relaxation (resulting from layer removal) for a solid cylindrical bar with 

rotationally symmetric stresses. Using Grapher 3 and Mathematica 4.1 software, the 

longitudinal stress at a given depth was calculated using the following equation [53]:

<72 ( r , )  =  C7 z,— ( r , ) - 2  f  d r  ( 3 . 1 4 )
J r \  y

where R is the original cylinder radius and r% is the radius at which the longitudinal stress 

is desired. Grapher 3 software was used to fit the a measured/r vs. r data with a smooth 

curve, using a six-degree polynomial function. The coefficients o f determination 

(R2-values) exceeded 0.94 for each polynomial fit. The polynomial equations were then 

imported into Mathematica 4.1 to perform the intergration for the desired depth.

3.8 Three-Point Bend Testing

Following induction hardening, each specimen was tested mechanically via three 

point bending. Prior to testing, a number of peak-to-valley surface measurements were 

performed to ensure adequate surface quality following induction processing, using a 

Wyco white-light profilometer. The testing was performed on an MTS test frame rated at

444.8 kN (100 kip), with a hydraulic-powered actuator interfaced with MTS TestStar Ils 

software using the loading fixture shown in Figure 3.6. A test program was developed to 

test in displacement control, i.e. the test was to be run with a constant stroke rate. A 

constant actuator velocity of 2.54 mm/min (0.1 in/min) were used for all testing. Axial 

load, axial actuator displacement, and time data were acquired during the test until the 

test bar fractured. Based on the behavior of preliminary tests, a padded lining in the cage 

was implemented to ensure protection of the fracture surface and operator. Load data 

were used to calculate a maximum elastic bending stress using the following diagrams
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and mechanics which represent the actual loading conditions and geometries utilized, 

shown in Figure 3.5.

In three-point bending, the maximum bending stress the specimen experiences 

occurs at the surface. The following equations derive the maximum bending stress as a 

function of the load applied for the geometry utilized in this study [54].

< 7 m a x = ^  (3-15)

In Eq. 3.15, CTmax = the maximum normal or bending stress, which occurs at the point on 

the cross-sectional area farthest away from the neutral axis (surface), M = the resultant 

internal moment computed about the neutral axis, I = the moment o f inertia o f the cross- 

sectional area computed about the neutral axis, and c = the perpendicular distance from 

the neutral axis where the maximum bending stress acts.

l ”—*4 L=6 ”

(a.)

4 -  r

P, Load

(b.)

Figure 3.5 Schematics showing the specimen geometry in the (a ) unloaded condition 
and the (b.) loaded condition for three-point bending.
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For the specific specimen geometry shown in Figure 3.5, the following 

expressions may be applied:

eff

d(1/ 2) 1c = — =     = — (m.)
2 2 4

, 1 4 1 f lI  = — 7rr = —/r — 
4 4 l 4 y

\ 4 /r
1024

Substituting all of the variables above with the load, P (Ibf.) at fracture, the 

following expression for the maximum bending stress (in psi) results.

0 -max[P«] =
Me

VÏÔ24,

384P
71

(3.16)

(3.17)

(3.18)

(3.19)

Figure 3.6: An image showing the three point bend test setup on the 100 kip
servohydraulic MTS system located in CSM laboratories. For reference, 
the sample is 20.3 cm ( 8  in) long.
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The maximum elastic bending stress at the onset of plastic deformation was 

calculated using a variation of Johnson’s apparent proportional limit method (J.A.P.L.), 

to determine the maximum usable static strength o f the induction hardened material, as 

illustrated in Figure 3.7 for SAE 1541 with a ferrite + coarse pearlite prior microstructure 

[55]. This method eliminates the difficulty of determining the point o f tangency for 

standard proportional limit techniques. The slope of the linear portion o f the load vs. 

displacement plot was determined from line OC, and a line with 50% greater 

displacement with equivalent load was determined in the linear region, represented by 

line 0D. A parallel line (O’D’), was drawn, and the point o f tangency to the original 

curve, in terms of load was determined. The load at which line AB intersects the axis 

represents the apparent elastic limit, or Johnson’s proportional limit.

Axial Displacement (in)
0 0.04 0.08 0.12 0.16

25

I
gOu_ : a Li

ns
5

0.50 0.25
Axial Displacement (cm)

Figure 3.7: A plot demonstrating the Johnson’s proportional limit method to
determine a standardized deviation from linearity on a load vs. 
displacement plot.
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The process of determining the J.A.P.L. was repeated for each sample and 

averaged for each prior microstructure type. The curve shapes were similar for each prior 

microstructure.

3.9 Fractographv

Fractographs were taken using a Nikon D70 digital photo system coupled with a 

macro lense and Nikon SB-800 electronic flash to capture key attributes o f the fracture 

surfaces for each prior microstructure. Scanning electron imaging was performed on 

select samples to demonstrate the fracture mode for both fine and coarse prior 

microstructures using a JEOL JXA-840 scanning electron microscope.
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4. RESULTS

4.1 Pre-Induction Processing Evaluation

Figures 4.1 -  Figure 4.10 show light micrographs for SAE 1541 and SAE 4140 

steel bars prior to induction processing. The prior austenite grain sizes were determined 

for the two austenitizing temperatures utilized in creating each microstructure, 1652 °F 

(900 °C) and 2012 °F (1100 °C) and are shown in Table 4.2. The difference in prior 

austenite grain size provided significant differences in the ferrite/pearlite colony sizes 

sizes for the starting microstructures, shown in Figures 4.3 and 4.4. Larger 

ferrite/pearlite colony sizes will reduce the number o f favorable austenite nucléation sites 

at the ferrite/pearlite boundary. In comparing SAE 1541 with similar prior 

microstructures for SAE 4140, less proeutectoid ferrite exists in SAE 1541. This 

behavior is unexpected based on hardenability considerations or expected shifts in 

eutectoid composition [18]. As discussed later, large low-carbon ferrite grains affect the 

diffusion distances of carbon into austenite with the short heating times associated with 

induction heating.

Hardness measurements were performed on martensitic samples following 

conventional furnace heat treating to ensure adequate quenching, shown in Table 4.1 

below. The SAE 4140 steel was tempered for less time than the SAE 1541 steel, but the 

presence of chromium also provided resistance to softening during tempering.

TABLE 4.1 -  Hardness Measurements Following Heat Treatment

,54, 55-56 HRC 33-34 HRC
4140t., ________ 55-56 HRC 46-47 HRC
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Figure 4.1 Tempered martensite in (a.) 1541 and (b.) 4140, created by heating to 1652 °F 
[900 °C] for 30 minutes, rapid quenching, and reheating to 932 °F [500 °C] 
for one hour and 30 minutes, respectively. Light optical micrographs; 2% 
nital etch.

Figure 4.2 As-quenched martensite, created by heating to 1652 °F [900 °C] for 30
minutes and rapid quenching in (a.) water [1541] and (b.) oil [4140]. Light 
optical micrographs; 2 % nital etch.
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a. b.

Figure 4.3 Ferrite + Coarse Pearlite (large prior austenite grains) in (a.) 1541 and 
(b.) 4140, created by heating to 2012 °F [1100 °C] for 30 minutes and 
furnace cooling. Light optical micrographs; 2% nital etch.

Figure 4.4 Ferrite + Coarse Pearlite (small prior austenite grains) in (a.) 1541 and
(b.) 4140, created by heating to 1652 °F [900 °C] for 30 minutes and furnace 
cooling. Light optical micrographs; 2% nital etch.
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Figure 4.5 Ferrite plus spheroidized pearlite in (a.) 1541 and (b.) 4140, created by
heating to 1652 °F [900 °C] for 30 minutes and step furnace cooling. Light 
optical micrographs; 4% picral etch.

Figure 4.6 (a.) Ferrite + fine pearlite in 1541 steel created by heating to 1652 °F [900 °C]
for 30 minutes and forced air cooling and (b.) austempered 1541 steel formed 
by heating to 1652 °F [900 °C] for 30 minutes followed by an isothermal 
hold for 60 minutes at 662 °F [350 °C]. Light optical micrographs; 2% nital 
etch.
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Figure 4.7 Bainite + pearlite in austempered 1541 steel formed by heating to 1575 °F 
(860 °C) for 20 minutes and holding for 60 minutes at (a.) 615 °F [325 °C] 
and (b.) 750 °F [400 °C]. Light optical micrographs; 2% nital etch.

Figure 4.8 Austempered 4140 steel formed by heating to 1652 °F [900 °C] for 30 
minutes followed by an isothermal hold for 60 minutes at (a.) 662 °F 
[350 °C] showing bainite and (b.) 860 °F [460 °C] showing ferrite + bainite. 
SEM micrograph and light optical micrographs, respectively; 2% nital etch.
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b.

Figure 4.9 Spheroidized micro structure in (a.) 1541 and (b.) 4140, created by heating to 
1652 °F [900 °C] for 30 minutes, rapid quenching, and reheating to 1292 °F 
[700 °C] for 48 hours. Light optical micrographs; 4% picral etch.

50 |J.m« »NzJb,?

Figure 4.10 Longitudinal micrographs for 1541 steel showing morphologies of ferrite and 
pearlite for (a.) 19% cold-drawn material and (b.) as-hot rolled structure. The 
rolling direction is in the vertical direction. Light optical micrographs; 2% 
nital etch.
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The microstructures in Figures 4.3 and 4.4 contain ferrite and coarse pearlite, i.e. 

pearlite with a large interlamellar spacing, resolvable at high magnification. These 

microstructures also show the effect of large prior austenite grain size. For 1541 and 

4140 steel heated to 2012 °F (1100 °C) for 30 minutes and slowly cooled, the resulting 

micro structure is very coarse, with large ferrite and pearlite colonies. The finer 

microstructures in Figure 4.4 are evident in the samples heated to 1652 °F (900 °C) for 

30 minutes and furnace cooled. From the procedures outline in section 3.0, the prior 

austenite grain sizes were found for each alloy to correlate grain sizes in creating each 

prior microstructure to the austenitizing temperatures; 1652 °F (900 °C) and 2012 °F 

(1100 °C). Figure 4.11 shows a representative micrograph for a sample for which a prior 

austenite grain size count was performed.

Figure 4.11 Micrograph that shows the prior austenite grains for SAE 4140, heated to 
2012 °F (1100 °C) for 30 minutes and quenched. Light optical 
micrograph; prior austenite grain size etch.
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This process was repeated for each alloy and austenitizing temperature. The 

results are summarized in Table 4.2.

TABLE 4.2 -  Prior Austenite Grain Size Measurements
900 °C for 30 mir

Ave. Grain Diameter ASTM No. Ave. Grain Diameter ASTM No.
4140 46.3 M-m 6.0 9.4 gm 10.5
1541 49.5 gm 6.0 9.9 gm 10.5

Tensile testing was performed on SAE 1541 as-hot rolled and 19% cold drawn 

samples to evaluate the increase in strength due to work hardening in the cold-worked 

bars prior to induction processing. Figure 4.12 shows that the true 0.2% offset yield 

stress of the as-hot rolled material increases by more than 50% from about 495 MPa 

(72 ksi) to about 770 MPa (112 ksi) following a cold-drawing operation during which a 

19% reduction of area was achieved.
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Figure 4.12 Duplicate sample stress vs. strain data for SAE 1541 samples tested in the 
as-hot rolled and 19% cold-drawn conditions.
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4.2 Post-Induction Processing Evaluation

Metallography, microhardness testing, three-point bend testing, and residual stress 

measurements were performed on all induction hardened samples. The results are below.

4.2.1 Metallography

Manual point-count profiles for martensite volume fraction following induction 

hardening are shown in Appendix A and the corresponding microstructure profiles are 

shown for each prior microstructure in Appendix B and C after nital and color tint 

etching, respectively. The profiles show the location at which ferrite first appeared below 

the surface and the last point where martensite was detected, and thus correspond 

approximately to the positions where the Ai and A3 temperatures were reached during 

heating. The profiles do not account for undissolved carbides within the martensite. The 

ferrite + coarse pearlite and spheroidized microstructures all contained undissolved 

carbides just below the surface. Retained ferrite became evident in SAE 4140 samples at 

lesser depths than SAE 1541 for similar microstructures. Figures 4.13 and 4.14 show 

undissolved carbides in the case micro structures o f SAE 1541 steel, induction hardened 

with a ferrite + spheroidized carbide and ferrite + spheroidized pearlite prior 

microstructure, respectively. Undissolved carbides were not evident in the SAE 1541 

ferrite + fine pearlite sample until the transition zone. Following induction hardening for 

both steels, the ferrite + coarse pearlite prior microstructures formed from large prior 

austenite grains exhibited significant amounts o f retain ferrite in addition to the 

undissolved carbides just below the surface. Figures 4.15a and 4.15b show micrographs 

for SAE 1541 and SAE 4140 at depths of 0.254 mm (0.010 in) from the surface, 

respectively. The bainitic and martensitic microstructure classes for each steel did not 

show the presence of undissolved carbides, and retained ferrite was not evident until the 

transition zone. These micro structures responded most favorably to the induction 

processing.
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Figure 4.13 Micrograph showing (a.) the presence of undissolved carbides in lath
martensite just below the surface and (b.) the core for SAE 1541 ferrite + 
spheroidized carbide prior microstructure. SEM micrograph, 2% nital 
etch.

Figure 4.14 Micrograph showing the presence of undissolved carbides in linear arrays 
at a depth of 0.254 mm (0.010 in) for SAE 1541 ferrite + spheroidized 
pearlite prior microstructure. Light optical micrograph, 2% nital etch.



Figure 4.15
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4.2.2 Hardness

The Knoop microhardness profiles for each prior microstructure may be found in 

Appendix D. The surface hardnesses ranged from approximately 650 HK (56 HRC) to 

710 HK (59 HRC) for all of the samples, excluding the ferrite + spheroidized carbide 

specimens for both steels. The surface hardness for SAE 1541 spheroidized and SAE 

4140 spheroidized were approximately 650 HK (56 HRC) and 594 HK (53 HRC), 

respectively. Figures 4.16 and 4.17 show selected hardness profiles for SAE 4140 and 

SAE 1541 steel. These data bracket the range for all hardness profile data.
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Figure 4.16 Microhardness profiles for induction hardened SAE 4140 steel bars
tempered at 150 °C (302 °F) for 1 hr., processed with a variety of starting 
microstructures: ferrite + coarse pearlite (large p.a.g.s.), quenched and 
tempered martensite, spheroidized, and ferrite + bainite.
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Figure 4.17 Microhardness profiles for induction hardened SAE 1541 steel bars
tempered at 150 °C (302 °F) for 1 hr., processed with a variety of starting 
microstructures: ferrite + coarse pearlite (large p.a.g.s.), quenched and 
tempered martensite, spheroidized, and pearlite + bainite (750 °F 
austemper).

The plots show greater hardening depths for quenched and tempered martensite 

and low temperature austemper prior micro structures compared to spheroidized and 

ferrite + coarse pearlite (large prior austenite grains) structures. The surface hardnesses 

were significantly lower for the spheroidized prior microstuctures, consistent with the 

presence of the undissolved carbides in the low-carbon martensite. For both SAE 1541 

and SAE 4140, the ferrite + pearlite samples exhibit a gradually decreasing hardness 

profile into the surface and the transition zone, while the finer microstructures (i.e. 

martensitic and bainitic) have slightly higher and more constant hardnesses near the 

surface, but decrease drastically when the transition zone is reached. The SAE 1541 

samples experienced hardening to greater depths than the SAE 4140 samples exhibited
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for each comparable microstructure. It has been shown that there were larger amounts of 

retained ferrite and undissolved carbides for the coarse microstructures in SAE 4140.

The quenched and tempered and as-quenched prior microstructures for SAE 4140 were 

most comparable to that of the SAE 1541 due to the fine scale o f the prior structure.

Table 4.3 summarizes the results of microhardness profiles performed on each 

group of induction hardened and tempered specimens. The SAE 1541 ferrite + fine 

pearlite sample exhibited a higher hardness at a greater depth as compared to the ferrite + 

coarse pearlite samples due to smaller interlamellar spacings in the pearlite resulting in 

shorter diffusion distances during austenitization. In comparing the SAE 1541 cold- 

drawn specimen with the as-hot rolled specimen, the cold-drawn specimen exhibited a 

slightly greater surface hardness and a substantially deeper case, shown in Figure 4.18.
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Figure 4.18 Knoop microhardness profiles for SAE 1541 with an as-hot rolled and 
19% cold-drawn prior microstructure.
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TABLE 4.3- Hardness Profile Summary for SAE 1541 and SAE 4140

Mat'l ID
. :

Core Microstructure Max.
Hardness

Approx. 
50 HRC

Depth @
40 HRC

1541-1A1 Ferrite + 
Spheroidized Pearlite 56-57 2.03 mm (0.080 in) 2.49 mm (0.098 in)

1541-1A2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) 56-57 2.13 mm (0.084 in) 2.67mm (0.10 5in)

1541-2 A Ferrite + Coarse Pearlite 
(large p.a.g.s) 56-57 1.73 mm (0.068 in) 2.64 mm (0.104 in)

1541-3A Ferrite + Fine Pearlite 56-57 2.64 mm (0.104 in) 3.30 mm (0.130 in)

1541-4 A Quenched and 
Tempered Martensite 57-58 2.74 mm (0.108 in) 3.56 mm (0.140 in)

1541-5A As-Quenched Martensite 58-59 3.35 mm (0.132 in) 4.28 mm (0.168 in)

1541-6 A Spheroidized 55-56 1.42 mm (0.056 in) 1.68 mm (0.066 in)

1541-7A Pearlite + Bainite 
(750 °F (400 °C) ATT) 57-58 2.84 mm (0.112 in) 3.35 mm (0.132 in)

1541-8Aa Pearlite + Bainite 
(662 °F (350 °C) ATT) 57-58 2.69 mm (0.106 in) 3.45 mm (0.136 in)

1541-BAb Pearlite + Bainite 
(615 °F (324 °C) ATT) 57-58 2.82 mm (0.111 in) 3.50 mm (0.138 in)

1541-HR As-hot rolled 56-57 2.5 mm (0.100 in) 3.22 mm (0.127 in)

1541-CW 19% Cold-drawn 58-59 3.18 mm (0.124 in) 3.61 mm (0.142 in)

4140-1B1 Ferrite + 
Spheroidized Pearlite 57-58 1.42 mm (0.056 in) 1.93 mm (0.076 in)

4140-1B2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) 56-57 1.02 mm (0.040 in) 1.73 mm (0.068 in)

4140-2B Ferrite + Coarse Pearlite 
(large p.a.g.s) 57-58 1.32 mm (0.052 in) 1.78 mm (0.070 in)

4140-4B Quenched and 
Tempered Martensite 58-59 2.84 mm (0.112 in) 3.25 mm (0.128 in)

4140-5B As-Quenched Martensite 58-59 2.80 mm (0.110 in) 3.48 mm (0.137 in)

4140-6B Spheroidized 52-53 0.41 mm (0.016 in) 1.23 mm (0.048 in)

4140-7B Ferrite + Bainite 56-57 2.59 mm (0.102 in) 2.82 mm (0.111 in)

4140-8B Bainite (Upper + Lower) 57-58 2.77 mm (0.109 in) 2.97 mm (0.117 in)
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4.2.3 Three-Point Bend Testing

The results of three point bend testing for triplicate samples of each prior 

microstructure are summarized in Table 4.4, showing the maximum elastic bending stress 

upon loading. The load value used in calculating the maximum elastic bending stress 

was the average load calculated based on Johnson’s apparent proportional limit 

(J.A.P.L.), which had a standard deviation of less than 450 N (100 Ibf) for each prior 

microstructure. The load vs. displacement data for each sample may be found in 

Appendix E, along with Johnson’s apparent proportional limit calculations for each tested 

sample. The results for triplicate tests for each microstructure yielded excellent 

reproducibility in the shapes o f the load vs. displacement data. Slight variations were 

seen at the peak loads at fracture due to slight differences in the points o f instability at the 

surface of each sample.

The load at fracture was in large part a function of the depth of hardening and the 

results correlate well with surface hardness and depth of hardening. The martensitic prior 

microstructure samples for each steel alloy exhibited much higher fracture loads than the 

alternate prior microstructures. The cold-drawn fractured at a higher stress than the as- 

hot rolled microstructure and the SAE 1541 ferrite + fine pearlite samples fractured at 

higher stresses than the ferrite + coarse pearlite samples of the same alloy. In general, the 

SAE 1541 samples failed at higher stresses than the SAE 4140 with similar prior 

microstructures, consistent with hardness results. The SAE 4140 spheroidized sample 

did not fracture during testing. Instead the test was stopped when the axial displacement 

reached 3.2 cm (1.25 in) and the load was not increasing. The case, composed of a large 

amount of undissolved carbides, was simply too thin along with a very ductile core to 

produce a fast fracture observed in the other samples. Many o f the samples exhibited 

large amounts of plastic deformation, thus affecting the amount o f axial displacement and 

the nature of the loading as the specimen deformed non-uniformly. As a result, the 

maximum elastic load was used to evaluate the induction response o f each microstructure 

in three-point bending.
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TABLE 4.4- Three Point Bend Results

M aft ID C ore  M icro s tru c tu re A verage  J.A .P .L Max, E lastic  
B end ing  S tre s s

1541-1A1 Ferrite + Spheroidized Pearlite 11.3 kN (2.55 kip) 2.14 GPa (311 ksi)

1541-1A2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) 11.3 kN (2.55 kip) 2.14 GPa (311 ksi)

1541-2A Ferrite + Coarse Pearlite 
(large p.a.g.s.) 11.1 kN (2.50 kip) 2.11 GPa (306 ksi)

1541-3A Ferrite + Fine Pearlite 13.1 kN (2.94 kip) 2.48 GPa (359 ksi)

1541-4 A Quenched and Tempered 
Martensite 13.9 kN (3.13 kip) 2.63 GPa (382 ksi)

1541-5A As-Quenched Martensite 14.4 kN (3.25 kip) 2.74 GPa (397 ksi)

1541-6A Spheroidized 8.67 kN (1.95 kip) 1.64 GPa (238 ksi)

1541-7A Pearlite + Bainite 
Austempered @ 750 °F (400 °C) 13.5 kN (3.03 kip) 2.55 GPa (370 ksi)

1541-8Aa Pearlite + Bainite 
Austempered @ 662 °F (350 °C) 13.5 kN (3.03 kip) 2.55 GPa (370 ksi)

1541-8Ab Pearlite + Bainite 
Austempered @ 615 °F (324 °C) 13.6 kN (3.05 kip) 2.56 GPa (372 ksi)

1541-HR As-hot rolled 13.1 kN (2.94 kip) 2.47 GPa (359 ksi)

1541-CW Cold-drawn 13.7 kN (3.08 kip) 2.59 GPa (376 ksi)

4140-1B1 Ferrite + Spheroidized Pearlite 8.01 kN (1.80 kip) 1.52 GPa (220 ksi)

4140-1B2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) 8.4 kN (1.88 kip) 1.58 GPa (230 ksi)

4140-2B Ferrite + Coarse Pearlite 
(large p.a.g.s.) 8.6 kN (1.94 kip) 1.63 GPa (237 ksi)

4140-4 B Quenched and Tempered 
Martensite 14.8 kN (3.33 kip) 2.81 GPa (407 ksi)

4140-5B As-Quenched Martensite 15.1 kN (3.39 kip) 2.85 GPa (414 ksi)

4140-6B Spheroidized 6.09 kN (1.37 kip) 1.15 GPa (167 ksi)

4140-7B Ferrite + Bainite 13.4 kN (3.02 kip) 2.54 GPa (369 ksi)

4140-8B Bainite 13.9 kN (3.12 kip) 2.63 GPa (381 ksi)
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4.2.4 Residual Stress Measurements

For each prior microstructure, the axial residual stress was found at the surface 

using the multiple exposure sin2vF technique. The (211)-BCC peak positions for each XF- 

value tilt angle were determined by fitting the data a sixth order polynomial. Figures 

4.19 and 4.20 show the fitted peaks for an induction hardened SAE 1541 spheroidized 

sample with the corresponding coefficients of determination (Revalues) and a plot of 

Ad/d vs. sin2xF showing that a compressive residual stress (ie. negative slope) exists at the 

surface, respectively.
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Figure 4.19 X-ray diffraction data used to obtain the surface axial residual stress for an 
induction hardened SAE 1541 spheroidize prior microstructure, utilizing 
the sin2xF technique.
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Residual stress data were obtained at the surface for each prior microstructure, 

summarized in Table 4.5. Subsurface measurements were made on selected prior 

microstructures with two T'-value x-ray scans at 0° and 45°, from which similar plots 

were obtained to calculate the residual stress. Six different prior microstructure SAE 

1541 samples were selected for complete stress profiles to represent the range o f case 

depths and case qualities that were observed following induction processing: ferrite + 

coarse pearlite (large prior austenite grain size), quenched and tempered martensite, 

spheroidized, as-hot rolled, cold-drawn, and pearlite + bainite (750 °F [400 °C] 

austemper). Mathematically corrected stress profiles are shown in Figures 4.21 and 4.22. 

Measured resisual stress profiles are shown in Appendix G.
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Figure 4.20 Calculated lattice strain data taken at different tilt angles (T'-values) for an 
induction hardened SAE 1541 spheroidize prior microstructure.
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TABLE 4.5- Surface Axial Residual Stress for SAE 1541 and SAE 4140 Steel

Mat'l ID C ore M icro stru c tu re Axial (7 residua|

1541-1A1 Ferrite + 
Spheroidized Pearlite -350 MPa (51 ksi)

1541-1A2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) -400 MPa (58 ksi)

1541-2 A Ferrite + Coarse Pearlite 
(large p.a.g.s) -240 MPa (35 ksi)

1541-3A Ferrite + Fine Pearlite -310 MPa (45 ksi)

1541-4 A Quenched and 
Tempered Martensite -350 MPa (51 ksi)

1541-5A As-Quenched Martensite -260 MPa (38 ksi)

1541-6A Spheroidized -550 MPa (80 ksi)

1541-7A Pearlite + Bainite 
(750 °F (400 °C) ATT) -240 MPa (35 ksi)

1541-8Aa Pearlite + Bainite 
(662 °F (350 °C) A/T) -260 MPa (38 ksi)

1541-ÔAb Pearlite + Bainite 
(615 °F (324 °C) A/T) -260 MPa (38 ksi)

1541-HR As-hot rolled -240 MPa (35 ksi)

1541-CW 19% Cold-drawn -270 MPa (39 ksi)

4140-1B1 Ferrite + 
Spheroidized Pearlite -420 MPa (61 ksi)

4140-1B2 Ferrite + Coarse Pearlite 
(small p.a.g.s.) -490 MPa (71 ksi)

4140-2B Ferrite + Coarse Pearlite 
(large p.a.g.s) -290 MPa (42 ksi)

4140-4 B Quenched and 
Tempered Martensite -290 MPa (42 ksi)

4140-5B As-Quenched Martensite -310 MPa (45 ksi)

4140-6B Spheroidized -550 MPa (80 ksi)

4140-7B Ferrite + Bainite -240 MPa (35 ksi)

4140-8B Bainite (Upper + Lower) -330 MPa (45 ksi)
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Figure 4.21 Residual stress and hardness profiles for SAE 1541, induction hardened 
with a variety of prior microstructures : (a.) ferrite + coarse pearlite (large 
p.a.g.s.), (b.) quenched and tempered martensite, (c.) spheroidized, and 
(d.) pearlite + bainite (750 °F austemper).
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Figure 4.22 Residual stress and hardness profiles for SAE 1541, induction hardened 
with different prior microstructures : (a.) as-hot rolled and (b.) 19% cold- 
drawn.

The residual stress profiles plotted with the hardness profiles show that the axial 

residual stress begins to become substantially less compressive as the hardness begins to 

drop, or the volume fraction of martensite decreases below the surface. The SAE 1541 

spheroidized and ferrite + coarse pearlite (large p.a.g.s.) prior microstructures exhibit 

very steep gradients in residual stress due to the thin case produced during the induction 

processing. The remaining microstructures exhibit a more gradual residual stress 

profiles, which parallel the gradual decrease in hardness (i.e. volume fraction of 

martensite). Surface residual stress measurements in Table 4.5 indicate that a thin case, 

with the absence of retained ferrite, exhibits the highest compressive residual stress.

Both SAE 1541 and 4140 spheroidized samples had -550 MPa (80 ksi) residual stresses 

at the surface, but the profile shown in Figure 4.21c shows that this compressive stress is 

reduced drastically just below the surface. The ferrite + coarse pearlite (large p.a.g.s.) 

sample also had a very thin case layer, but the compressive residual stress was not as
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significant due to retained ferrite near the surface to accommodate expansion of the 

martensite during quenching. The remaining ferrite + pearlite micro structures exhibit 

the same trend of increased surface residual stresses, as compared to structures which 

hardened to deeper depths. The martensitic and bainitic microstructures with similar 

hardening depths exhibited similar surface residual stresses due to the relative ability to 

dissolve the fine carbides. The SAE 4140 ferrite + bainite prior micro structure had a less 

compressive stress at the surface due to the presence of retained ferrite at shallower 

depths, as compared to the SAE 4140 bainite prior microstructure. The SAE 1541 

samples that underwent an austempering thermal treatment prior to induction hardening 

exhibited similar residual stresses at the surface.

4.2.5 Fractogranhv

Figure 4.23 shows a representative three point bend sample showing that the 

crack propagated from the point o f maximum tension up and around the region of 

compression experience in the bar above the neutral axis. Other samples contained flat 

fracture surfaces throughout the cross section, and the compressive stress was not large 

enough to divert the quickly propagating crack. All fractures were initiated at the surface, 

except for the SAE 4140 spheroidized samples which did not experience fracture.

Macro photographs and SEM ffactographs were obtained following three point 

bend test for each of the prior microstructures, included in Appendix G. Figures 4.24 -  

4.27 show ffactographs for four SAE 1541 prior microstructures: ferrite + coarse 

pearlite (large prior austenite grain size), tempered martensite, ferrite + spheroidized 

pearlite, and pearlite + bainite (750 °F austemper). The differences in the hardening 

depths are especially evident when comparing the coarse microstructures in Figures 4.24 

and 4.26 with the fine microstructures in Figures 4.25 and Figures 4.27.



68

Figure 4.23 Three point bend sample showing a portion of the bar failing in 
compression at the top of the three point bend specimen.

Typical o f overload fracture, mixed fracture modes may be seen in the 

ffactographs. In the case region of the ferrite + coarse pearlite sample in Figure 4.24, 

intergranular cracks may be seen along with cleavage and dimple rupture. The fast 

fracture in the core shows primarily cleavage, evident by the river patterns. The case, 

transition, and core regions of the tempered martensite prior micro structure in Figure 4.25 

shows a combination of dimpled rupture and quasi-cleavage typical o f a tempered 

martensite prior microstructure. For the ferrite + spheroidized carbide prior structure 

shown in Figure 4.26, the case region fails via dimpled rupture, while failing by cleavage 

in the core. The cleaved planes are much smaller than those shown in the ferrite + coarse 

pearlite core due to the finer scale of the prior microstructure. The pearlite + bainite prior 

micro structure in Figure 4.27 is very similar to that of the tempered martensite structure, 

but with a greater degree of dimpled rupture in the core.
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(c.) (d.)

Figure 4.24: Fractographs of 1.27 cm (% in) SAE 1541 steel bar samples fractured in
three point bending following induction hardening and conventional 
tempering at 150 °C (302 °F) for 1 hr., processed with a ferrite + coarse 
pearlite prior microstructure (large p.a.g.s.): (a.) macro, (b.) surface,
(c.) transition, and (d.) core.
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Figure 4.25: Fractographs of 1.27 cm (!4 in) SAE 1541 steel bar samples fractured in
three point bending following induction hardening and conventional 
tempering at 150 °C (302 °F) for 1 hr., processed with a tempered 
martensite prior micro structure: (a.) macro, (b.) surface, (c.) transition, 
and (d.) core.
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c. d.

Figure 4.26: Fractographs of 1.27 cm (% in) SAE 1541 steel bar samples fractured in
three point bending following induction hardening and conventional 
tempering at 150 °C (302 °F) for 1 hr., processed with a ferrite + 
spheroidized carbide core microstructure: (a.) macro, (b.) surface,
(c.) transition, and (d.) core.
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Figure 4.27: Fractographs of 1.27 cm (Yz in) SAE 1541 steel bar samples fractured in
three point bending following induction hardening and conventional 
tempering at 150 °C (302 °F) for 1 hr., processed with a pearlite + bainite 
(750°F austemper) core microstructure: (a.) macro, (b.) surface,
(c.) transition, and (d.) core.
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5. DISCUSSION

5.1 Pre-Induction Processing Evaluation

In comparing ferrite/pearlite SAE 1541 prior microstructures with ferrite/pearlite 

microstructures for SAE 4140, less proeutectoid ferrite exists in SAE 1541. The cooling 

rate was modified from a furnace cool to a forced air cool, allowing for the formation of 

coarse and fine pearlite in SAE 1541. Larger interlamellar spacings were a function of 

slower cooling rates or the degree of undercooling, which provided favorable kinetics for 

the carbon to migrate greater distances in forming the ferrite-cementite lamellae [56]. 

Zener and Hillert developed a relationship to relate interlamellar spacing to the degree of 

undercooling for a stabilized system and a maximum growth rate, [57]:
* a !  Fe3CTE

s - ^ r  ( 5 J )

where S is the combined width of an a  and FegC lamellae, cralFe3CTE is the interfacial 

energy per unit area of ct/FegC boundary, AHV is the change in enthalpy per unit volume

between austenite and a mixture o f a  and FegC, and AT  is the undercooling below the 

Aei temperature. Extremely slow cooling rates via step furnace cooling allowed for very 

coarse pearlite formation followed by partial spheroidization of the lamellar structures, 

due to longer times at higher temperatures to allow for additional carbon diffusion.

Assuming homogeneous austenite, pearlite nucléation and growth will occur at 

austenite grain boundaries since they offer faster diffusion paths for diffusion compared 

to within the grains. Large prior austenite grains provide fewer nucléation sites; therefore 

colonies are able to grow to larger sizes before impinging on one another [56]. This is 

apparent for the two austenitization temperatures utilized in forming the ferrite/pearlite 

prior microstructures, 1652 °F (1100 °C) and 2012 °F (900 °C). Larger low-carbon
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ferrite grains affect the diffusion distances of carbon into austenite with the short heating 

times associated with induction heating.

Austempering procedures to obtain bainitic structures for SAE 1541 were 

unsuccessful due to hardenability, section size, and slower cooling rates achieved via 

molten salt pots. Typical cooling rates for nitrate-based salt baths are on the order of 

20°F/s (40°C/s) with little agitation, which would result in cooling through the 

ferrite/pearlite nose of the TTT-diagram [58]. As a result, bainitic microstructures were 

created with small amounts of pearlite and/or primary ferrite. For a much more 

hardenable SAE 4140 steel, the pearlite nose is shifted further to the right and was 

avoidable during the austempering processes employed.

The quenched and tempered martensite prior microstructures for SAE 1541 and 

4140 were tempered for different time/temperature combinations, respectively. Although 

the SAE 4140 steel was tempered for less time than the SAE 1541, the presence of strong 

carbide formers in the SAE 4140 (i.e. chromium and molybdenum) retarded the rate o f 

softening and resulted in a minimal 10 HRC drop in hardness. Manganese has a limited 

effect on tempering resistance until higher tempering temperatures, most likely due to 

manganese present in the carbides at higher temperatures [59].

5.2 Post-Induction Hardening Response

The results from metallography , hardness testing, three-point bend testing, and 

residual stress measurements are discussed below. All testing was performed on 

induction hardened specimens discussed in previous sections.

5.2.1 Metallography

The short time associated with induction processing significantly affected 

micro structural evolution for both steels. With constant processing parameters and a 

single induction setup, differences are seen in the case microstructures and into the core
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for both steels. Additionally, the comparative induction hardening response of SAE 4140 

and SAE 1541 showed that SAE 1541 hardened more favorably than SAE 4140 for 

samples with similar microstructures, with the exception of the tempered martensite prior 

microstructure.

For SAE 1541 and 4140 steel, processed with ferrite + coarse pearlite prior 

microstructures, undissolved carbides and “ghost pearlite” colonies were present most 

likely due to the short heating times and the inhomogeneity of the austenite, respectively. 

Speich and Szirmae [26] detailed the initial nucléation of austenite for ferritic, 

spheroidized, and pearlitic microstructures, and showed that austenite nucléation 

preferentially occurs on boundaries. Speich and Szirmae [26] and Jacot et al. [23] claim 

that there is no evidence of austenite nucléation at interlamellar interfaces within a 

pearlite colony, although the interfacial area per unit volume of the lamellar carbide is 

much larger than the interfacial area per unit volume of the carbides at the pearlite colony 

intersections [26]. For induction heating, austenite growth is controlled by volume 

diffusion of carbon into austenite. Diffusionless austenite formation and growth from a 

pearlite prior structure suggested by Yakovleva et al. [27] is only likely for higher 

heating rates such as those experienced in laser heating. The carbide lamellae continue to 

dissolve as the austenite interface advances, but residual carbides from the parent 

microstructure may exist due to short heating times and the fact that the austenite growth 

velocity exceeds the carbide dissolution rate. Alloying elements or impurities have been 

shown to suppress the austenite growth rate at a given temperature [26]. It is evident in 

the heavily alloyed SAE 4140 ferrite + pearlite samples, that there is a greater amount o f 

undissolved carbides in the case microstructure. Alloying elements affect the austenite 

transformation by affecting the chemical potential o f carbon, and thus influence the 

diffusion coefficient and the equilibrium at the interfaces [31]. Hillert et al. have shown 

that elements such as manganese and chromium are enriched in cementite and have 

significant effects on suppressing cementite dissolution through their effect on the local 

equilibrium at the interface [31]. At higher temperatures, the effect is less due to more
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favorable diffusion kinetics o f the alloying species. For the SAE 1541 ferrite + fine 

pearlite sample, a significant presence of undissolved carbides was not observed due to 

the smaller interlamellar spacings and shorter diffusion distances upon formation of the 

austenite.

A significant fraction of retained ferrite remained in the case microstructures for 

both SAE 1541 and SAE 4140 steel with prior structures containing large ferrite and 

pearlite colonies. This is consistent with Speich and Szirmae’s diffusional mechanism of 

austenite nucléation and growth. With austenite nucléation at ferrite grain boundaries or 

pearlite colony boundaries, the boundary area was much less than for the smaller ferrite + 

pearlite samples. This resulted in incomplete austenite growth (i.e. incomplete 

consumption of ferrite) during short heating times associated with induction processing. 

Additionally, carbon must migrate further distances through the large ferrite grains, along 

the grain boundaries, or through the austenite due to the larger grain structure [26]. If 

complete carbon diffusion in the ferrite does not occur during the short heating times, 

supersaturation o f the ferrite is not achieved and the ferrite may remain stable at higher 

temperatures. In particular for prior microstructures containing large ferrite grains, 

lighter etched areas surrounding retained ferrite possibly indicated a lower carbon 

martensite, shown in Figure 4.15.

By using a high radio frequency (250 kHz) during the induction processing, the 

depth o f penetration due to electrical energy is small, leaving a portion of the heating via 

conduction. Conduction from the surface into the core created an intercritical region 

where a fraction of ferrite would be stable and/or have limited growth. In this study, 

retained ferrite was observed for all samples near the case/core interface. The large- 

grained ferrite + coarse pearlite SAE 4140 contained larger amounts o f retained ferrite 

and undissolved carbides than SAE 1541 due to a larger starting volume fraction of 

proeutectoid ferrite and alloying effects on the transformation. Substantial molybdenum 

content and lower manganese content in SAE 4140 contributed to a higher Aci 

temperature than for SAE 1541. Effects o f differences in Aci temperatures could be
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magnified in induction processing since the critical temperatures shift to higher 

temperatures for faster heating rates.

Nucléation of austenite in a ferrite + spheroidized carbide prior micro structure 

occurs at junctions between the carbides and ferrite grain boundaries. An SEM 

micrograph (Figure 4.13b) showed the presence of carbides along the ferrite grain 

boundaries in the prior microstructure o f SAE 1541 steel. During heating, spheroidized 

carbides were enveloped by the growth of austenite as the sites were saturated, and 

dissolution continued via carbon diffusion through the envelope [26]. An interface 

reaction at the austenite/cementite interface has also been proposed by Molinder [60]. 

Experiments by Judd and Paxon [61] show that substitutional alloying elements will 

affect boundary conditions for carbon diffusion and additional considerations must be 

made in order to model transformations in complex steels. The depth to which martensite 

was observed was less for SAE 4140 than SAE 1541 due to the presence of alloying 

elements which slow the dissolution of the carbides. As in the case of the pearlite to 

austenite reaction, alloying elements in SAE 4140 delayed austenite formation, resulting 

in shallower case depths. The depth at which austenite was formed (i.e. martensite upon 

quenching) was smaller for the spheroidized microstructures due to the large size of the 

carbides offering fewer austenite nucléation sites, and the coarse dispersion of the 

carbides in the ferrite matrix that created substantial diffusion distances compared to the 

other prior microstructures.

The fme-scale martensitic and mixed bainitic microstructures responded most 

favorably to short-time austenitization. A uniform dispersion of fine carbides in the 

tempered martensite microstructures allowed for complete carbide dissolution upon 

heating. The fine microstructures offered sufficient austenite nucléation sites throughout 

the microstructures. Diffusion distances are minimized in a quenched and tempered 

martensite prior structure, so austenitization is not affected by large carbon-depleted 

ferrite grains as in the other prior microstructures. The same is true for prior 

microstructures containing bainite, even with small pools o f pearlite and/or ferrite formed



78

during the austempering. Any retained or intercritical ferrite in the microstructures were 

much smaller in these microstructures, but first appeared at similar depths between 1.5 

mm and 2 mm. However, differences arose between SAE 1541 and SAE 4140 as to the 

depth at which martensite (due to the induction processing) was last observed.

Martensite was last observed for SAE 1541 martensitic and bainitic samples at depths 

exceeding 4 mm and up to 4.5 mm, with exception to the as-quenched martensite prior 

microstructure where martensite was observed at depths of approximately 4.75 mm. For 

SAE 4140 martensitic and bainitic prior microstructures, martensite was not observed at 

depths exceeding 4 mm for any sample, with the exception to the as-quenched prior 

microstructure where martensite was observed at a depth of approximately 4.25 mm. 

Martensite formed due to induction processing for as-quenched martensite prior 

micro structures was observed at greater depths because of enhanced nucléation and 

growth kinetics associated with a strained, metastable martensite parent phase. This 

effect is similar to enhanced transformation kinetics of deformed austenite (to ferrite) 

during cooling which is commonly associated with thermomechanical processing.

In comparing the SAE 1541 as-hot rolled and 19% cold-drawn structures, 100% 

martensite was achieved at a depth about 0.25 mm greater for the cold-drawn 

microstructure, while the total depth at which martensite was observed was similar for 

both, shown in Figures A.3. This could be a result o f the driving force for recovery and 

recrystallization for creating a dislocation-free grain structure as well as the finer grain 

structure for the cold-drawn material. At a depth of 2.54 mm (0.100”), the retained 

ferrite in the microstructure appeared much larger in the as-hot rolled structure, shown in 

Figures C.l 1 and C.12. However, as the effects o f cold-work become negligible near the 

center o f the bar, it is reasonable that the last o f the martensite appears at similar depths.

5.2.2 Hardness

Hardness profiles following induction processing showed a strong dependence on 

the prior microstructure. The superhardness phenomena [38] attributed to rapid heating
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and quenching of carbon steel was observed in all samples, most likely due to prior 

austenite grain refinement and/or residual stresses. The profiles could be correlated 

directly with microstructural features observed as a function of depth including the 

volume fraction of martensite, undissolved carbides, and/or retained ferrite. Post

induction tempering following hardening was minimal and caused a slight drop in the as- 

quenched hardnesses (1-2 HRC), regardless o f the prior microstructure.

During induction heating, the maximum temperature is achieved at the surface 

which provides the most favorable conditions for carbide dissolution and austenitization 

o f the prior microstructure. Peak hardness values for each prior microstructure were 

observed near the surface, and hardness dropped below the surface with a greater 

presence of undissolved carbides and retained ferrite as subsurface temperatures 

decreased. Little differences in peak hardness were observed, with the exception of the 

spheroidized microstructures for both SAE 1541 and 4140 alloys. Ferrite + pearlite 

samples achieved peak hardness values o f approximately 670 HK (57 HRC), while 

bainitic and martensitic samples achieved up to 710 HK (59 HRC) hardnesses. The 19% 

cold-drawn sample had a slightly higher hardness than the corresponding as-hot rolled 

bar, similar to the bainitic and martensitic samples. It is evident that for the finer scale 

microstructures where effective diffusion distances were small, the carbon was 

completely solutionized in the austenite at the surface prior to quenching, resulting in the 

maximum achievable hardness. The spheroidized prior microstructures contained coarse 

carbides and the diffusion distances were much larger. The significant presence of 

undissolved carbides at the surface indicated that the martensite was formed from a lower 

carbon austenite prior to quenching. This resulted in peak hardnesses of approximately 

650 HK (56 HRC) and 594 HK (53 HRC) for SAE 1541 and 4140, respectively.

Alloying elements in SAE 4140 further retarded carbide dissolution compared to SAE 

1541, accounting for a lower hardness.

Below the surface, hardness values decreased as the peak temperatures decreased 

and the kinetics were not as favorable for carbide dissolution and/or austenite nucléation
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and growth. This effect was greater for the ferrite + pearlite and spheroidized prior 

microstructures, as the hardness profiles exhibited a more gradual decrease. The 

hardness decreases were accompanied by the presence of undissolved carbides and 

retained ferrite at shallower depths. The hardness profile for ferrite + coarse pearlite was 

more gradual than for the ferrite + fine pearlite prior microstructure for SAE 1541 due to 

larger interlamellar spacings and longer diffusion distances resulting in the presence of 

more undissolved carbides. The ferrite + coarse pearlite (formed from large prior 

austenite grains) prior microstructure contained large pools of retained ferrite following 

induction processing, resulting in more scatter in the hardness data and a steep drop in 

subsurface hardness. The finer martensitic and bainitic micro structures had a more 

constant hardness near the surface, but a steeper decrease when the transition zone was 

reached. This was due to a more uniform distribution o f carbon in the prior 

microstructure and shorter diffusion distances, reducing the effect o f lower subsurface 

temperatures vs. the ferrite + pearlite and spheroidized microstructures.

5.2.3 Three-point Bend Testing

Three point bend test data showed the experimental bending strength of a 

composite bar, since the case strength exceeded the core strength regardless o f the prior 

microstructure. Data from triplicate samples yielded similar shapes in load vs. 

displacement data due to consistent depths of hardening for each prior microstructure. 

Slight variations existed in peak fracture loads and deflection due to the nature of the 

brittle fracture that occurred at a point of instability. The observed variations may reflect 

the presence of surface imperfections and/or changes in the force distribution as the test 

bar deformed. A stress analysis was performed to show that yielding was initiated in the 

core for all samples except for the martensitic prior microstructures. The analysis 

involved superimposing residual stress with flow stress and making predictions as to 

whether yielding was initiated in the core or the surface, based on the gradient o f applied
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stress from the surface to the centerline. The data used to make these determinations are 

shown in Tables 5.1 and 5.2 for each steel, respectively.

Table 5.1 — Results of a Stress Analysis on SAE 1541 Steel Prior Microstuctures

C ore  M icro s tru c tu re

Spheroidized

D epth
(m m )

2.00 1.7

S u rfa c e
CJo +  Ores.

2.25

S u rfa c e  S tre s s  
[C ore Y ielding]

072

A ctual S u rfa c e

1.18

Ferrite + Coarse Pearlite 
(large p.a.g.s) 2.60 1.7 1.94 , 0 , 1.47

Spheroidized Pearlite 2.80 1.7 2.05 0.93 1.69

Ferrite + Coarse Pearlite 
(small p.a.g.s.) 3.00 1.7 2.1 1.05 1.47

Ferrite + Fine Pearlite 3.50 1.7 2.01
:

1.31 1.90

Pearlite + Bainite 
(750 °F (400 °C) A/T) 3.50 1.8 2.04

CO 2.02

19% Cold-drawn 3.50 1.7 1.97 2.11

Pearlite + Bainite 
(615 T  (324 °C) A/T) 3.60 1.8 2.06 2.02

As-hot rolled 3.60 1.9 2.17 ,3 5 1.90

Quenched and 
Tempered Martensite 3.75 1.8 2.15 2.19 2.11

Pearlite + Bainite 
(662 °F (350 °C) ATT) 3.75 1.8 2.06 1.98

As-Quenched
Martensite 4.25 1.9 2.16 3.08 2.36
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Table 5.2 - Results of a Stress Analysis on SAE 4140 Steel Prior Microstuctures

..
C ore  M icro s tru c tu re

C a se
D epth
(m m )

S u rfa c e

(GPa)

S u rfa c e
Oo+ < w  

(G Pa)

S u rfa c e  S t r e s s  
(C ore Y ielding) 

[GPA]
St“ i SŸ iefdTng

(G Pa)

Ferrite + Coarse Pearlite 
(small p.a.g.s.) 2.00 1.7 2.19 0.93 1.26

Spheroidized 2.00 1.5 2.05 0.88 0.84

Spheroidized Pearlite 2.20 1.8 2.22 0.78 1.26

Ferrite + Coarse Pearlite 
(large p.a.g.s) 2.25 1.8 2.09 0.93 1.26

Ferrite + Bainite 3.00 1.7 1.94 1.33 1.81

Bainite (Upper + Lower) 3.15 1.8 2.13 1.37 2.02

Quenched and 
Tempered Martensite 3.25 1.9 2.19 2.02 2.40

As-Quenched
Martensite 3.60 1.9 2.21 2.29 2.53

The case depth in the tables above represent the depth at which a constant core 

hardness was achieved. The flow stresses in the case and core were assumed based on 

microstructures via their hardness values, correlating to approximately 85% of the 

ultimate tensile stress using standard conversion tables [62]. The effective flow stress 

was adjusted to compensate for residual stress at the surface for each prior structure. 

When the applied stress exceeded the flow stress of the core upon loading, the surface 

stress was an extrapolation from the corresponding applied stress value. Based on the 

data, a determination was made whether the surface or core yielded first and the results 

are highlighted in Tables 5.1 and 5.2 for each prior microstructure. While fracture 

initiated at the surface where the bending stress was a maximum, the depth of hardening, 

core flow stress, and residual stress played a critical role in the yielding behavior during 

the test. Figure 5.1 shows a correlation between the predicted yield stress vs. the actual
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yield stress, indicating a linear relationship. A slight underestimate for the predicted 

elastic bending stress may exist due to the accuracy for which predicted flow strengths 

were made for each core microstructure.

2.5 -
<a 
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" O  
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T3
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2 Q.

0.5 —

a  Core Initiated
a  S urface Initiated zv

0.5 1 1.5 2 2.5
Actual Yield (GPa)

Figure 5.1 A plot showing the correlation between the predicted yield stress (case or 
core initiated) and the actual yield stress calculated from the point of non- 
linearity on the corresponding load vs. displacement plots. Each point 
represents a different prior microstructure for SAE 1541 and SAE 4140 
steel.

The stress analysis showed that higher core hardnesses and greater case depths for 

tempered martensite and as-quenched martensite prior structures contributed to surface 

initiated yielding. Shallower case depths and lower core hardnesses resulted in larger 

amounts of plastic deformation during testing, as the core flow stresses were significantly 

lower than for samples with a deeper martensitic layer. Figure 5.2 further confirms the 

effect of case depth, showing a linear relationship between the maximum elastic bending
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stress and the approximate depth at which a hardness o f 50 HRC was obtained for each 

prior microstructure. Small discrepancies may be attributed to slight variations in 

hardness and tensile residual stresses developed in the core which balance compressive 

residual stresses at the surface.

3

2.5

2

1.5
111

1
10 2 3 4 5

Depth Below Surface (mm)
@ 50 HRC

Figure 5.2 A plot showing the correlation between the maximum elastic bending 
stress and the depth of hardening for both SAE 1541 and 4140 steel, 
processed with a variety of starting microstructures.

A correlation between hardness and depth o f hardening also indicated effects o f 

microstructural constituents formed during heat treatment (i.e. martensite volume 

fraction, undissolved carbides, and/or retained ferrite). The core microstructure and 

residual stresses played a large role in yielding since plastic deformation in the core 

occurred readily at lower stress levels, even though the applied stress was greatest at the 

surface. Residual stresses were small in magnitude compared to the maximum elastic
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bending stresses experienced by each sample. SAE 4140 with a spheroidized prior 

microstructure did not fracture during testing due to an extremely thin layer o f low- 

carbon martensite and large ductile core. During a test on one of the triplicate samples, 

an audible popping noise was heard, possibly indicating a surface or subsurface crack that 

was arrested by the ductile core. The three point bend data indicated a downward spike 

in the load vs. displacement data before recovering to the initial load.

An uncertainty analysis showed the upper bound error for the maximum elastic 

bending stress is approximately ± 0.012 GPa (1.69 ksi), used by applying the following 

equations [63]:

8 LPcr = (5.2)

0(7

~0L

\ 2

CO, +
5 (7

~5P
CO, +

5(7

~æ
(O,

1/2

(5.3)

where a  is the maximum elastic bending stress, L is the effective three point bend test 

length [= 15.24 cm (6 in)], P is the measured load from a 444.8 kN (100 kip) load cell, 

D is the diameter o f the bar [= 1.27 cm (0.5 in)], and tox is the associated error o f

measurement for each variable. Note that the measurements and calculations were 

performed using English units and converted to S.I. units.

5.2.4 Residual Stress

Axial residual stress measurements were made at the surface for each prior 

microstructure. Following mathematical corrections for subsurface residual stress due to 

layer removal for the selected SAE 1541 samples, the transitions from compressive 

residual stress to tensile residual stress were shown to occur where the hardness and 

volume fraction of martensite begins to decrease. Up until this transition, the 

compressive residual stress decreases gradually due to the greater presence of 

undissolved carbides (ie. lower carbon martensite) and the presence o f increasing



86

amounts o f retained ferrite appears. As the fraction of retained ferrite increases with 

depth, the martensite may be able to expand and the retained ferrite at that depth may be 

left in tension.

Axial residual stress measurements performed for each prior microstructure 

revealed that samples with the thin case depths exhibited higher compressive residual 

stresses, regardless o f undissolved carbides existing subsurface. Case-to-core ratios 

could have played a significant role on the residual stresses upon quenching since a larger 

core volume would have to expand to accompany the expansion o f the thin case layer of 

martensite at the surface. The analysis becomes difficult since the core microstructures 

are different as well as the case depths. Undissolved carbides, while lowering the 

hardness and tetragonality of the martensite, indicate a lower carbon concentration in the 

austenite prior to quenching. This has to be taken into account when determining the 

actual volume change due to the martensitic transformation. Thelning [12] gives a 

relationship for the volume expansion of austenite to martensite based upon carbon 

content, based on dilatometry experiments:

AV%  = 4.64 -  0.53 (%C) (5.4)

A lower carbon content in the austenite will result in a greater volume expansion upon 

quenching. Canale et a l [17] observed the effect o f prior microstructure on residual 

stress and showed that for two medium carbon steels each processed with two sets of 

induction parameters, different case depths resulted. The hardness profiles are shown 

below in Figure 5.3. Canale et al. also measured the axial residual stress at the surface 

for each steel and processing condition and found that the samples with smaller depths o f 

hardening had higher compressive residual stresses. For SAE 4140 steel in Figure 5.3a, 

the surface residual stresses were 388 MPa and 570 MPa for setups # 1 and #2, 

respectively. For SAE 1045 steel in Figure 5.3b, the surface residual stresses were 

187 MPa and 201 MPa for setups # 1 and #2, respectively. The authors do not offer any 

explanation as to the reason for this trend [17], however lower hardnesses for the samples
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with higher compressive residual stresses would indicate the presence of more 

undissolved carbides, leading to a greater volume expansion from austenite to martensite.
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Figure 5.3 Vicker’s microhardness profiles for (a.) SAE 4140 steel and (b.) SAE 1045 
steel, each induction processed with equivalent annealed microstructures 
but with two different induction processing parameter sets. Replotted 
from  Canale et al [17].

In this study, compressive residual stresses at the surface for the spheroidized 

microstructures for SAE 1541 and SAE 4140 were consistent in that they exceeded the 

compressive stress at the surface for any other prior microstructure. The ferrite + coarse 

pearlite (formed from large prior austenite grains) prior structures also contained a thin 

case, but the magnitude of residual stresses were not as significant as for the spheroidized 

or ferrite + coarse pearlite (formed from small prior austenite grainst) prior structures due 

to the presence of large retained ferrite grains within the case. Large retained ferrite 

grains within the case may have been able to accommodate the martensite expansion 

during quenching. Although higher axial compressive residual stress were observed at
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the surface for thin case samples, the transition to tensile residual stress occurred at a 

much shallower depth than those with thicker case depths. This reflected the 

microstructural evolution as the volume fraction of martensite decreased rapidly with 

depth. Tensile residual stresses at shallow depths could be detrimental for performance 

and may initiate subsurface cracks.

SAE 1541 samples with the pearlite + bainite (Figure 4.20d) and the quenched 

and tempered martensite (Figure 4.20b) prior microstructures contained a more gradual 

residual stress transition, and the residual stresses remained compressive until depths of 

approximately 2 mm and 2.5 mm, respectively. This is reasonable due to the absence of 

undissolved carbides (i.e. higher carbon martensite at greater depths) and retained ferrite 

until the beginning of the transition zone. The residual stress near the surface of the cold- 

drawn SAE 1541 specimen was slightly larger than that of the as-hot rolled prior 

structure, but no significant differences existed at greater depths. The slight difference 

may be attributed to higher core and surface hardnesses o f the cold-drawn material 

following induction hardening.

The accuracy for which residual stress measurements are reported are often 

debated, regardless o f the measurement techniques. In this analysis, surface 

measurements are more accurate than calculations based on subsurface measurements 

since more uncertainty is introduced with layer removal and techniques for the 

corresponding mathematical corrections. For surface measurements, Cullity’s x-ray 

diffraction method [50] for residual stress measurement used in this study indicates that 

for reasonable accuracy for peak position measurements of 0.02° correspond to a 

standard deviation of the stress of approximately 17 MPa (2.4 ksi). However, it is 

difficult to estimate the uncertainty for subsurface residual stress values due to the nature 

of the layer removal and the mathematical correction. An assumption was made that the 

chemical layer removal was radially constant into the surface o f the cylinder, which could 

be a source of minimal uncertainty. Additionally, for the mathematical correction for 

layer removal, a function must be used to fit the CTmeaswed/r vs. r data so that an integration
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could be performed at different radii to get the actual stress value. The deviation for the 

subsurface stress values therefore increases with depth. W hile the function fitting 

produced coefficients o f  determination (R evalues) exceeding 0.94, small deviations 

would result in either an overestimate or underestimate in the actual stress value at any 

given depth.
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6. CONCLUSIONS

An in-depth study on the effects of induction processing on the mechanical 

properties o f SAE 1541 and 4140 steel with controlled prior microstructures has provided 

the basis for the following conclusions:

1. Higher chromium and molybdenum contents in SAE 4140 made carbon diffusion 

sluggish during short-time austenitization. This resulted in shallower case depths 

than equivalent SAE 1541 prior microstructures and a presence of undissolved 

carbides and/or retained ferrite at shallower depths. Quenched and tempered 

martensite and as-quenched martensite prior micro structures performed similarly 

for SAE 1541 and 4140 due to the uniform distribution of fine carbides in the 

matrix.

2. Ferrite + coarse pearlite and ferrite + spheroidized carbide prior micro structure 

samples showed a significant presence o f undissolved carbides in the case due to 

longer diffusion distances for carbon to migrate during short-time austenitization. 

This resulted in lower carbon martensite and a decrease in hardness immediately 

below the surface. Ferrite + fine pearlite, as-hot rolled, and 19% cold-drawn prior 

microstructure samples did not show a significant presence of undissolved 

carbides until the transition zone due to shorter diffusion distances. Typically, hot 

rolled microstructures contain large interlamellar spacings, but the bar was 

received in the rolled condition with a 1.6 cm (5/8 in) diameter and provided a 

small enough section size to adequately cool to form ferrite + fine pearlite 

following rolling.
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3. Ferrite + coarse pearlite prior microstructures formed from larger prior austenite 

grains provided fewer nucléations sites for austenite during short-time heating and 

resulted in retained ferrite immediately below the surface. This was reflected by 

an immediate decrease in hardness below the surface.

4. Induction hardening of prior microstructures containing a form o f bainite and/or 

martensite resulted in the greatest hardening depths, without the presence of 

undissolved carbides or retained ferrite until the transition zone. Hardness 

profiles showed the hardness remained nearly constant near the surface compared 

to other prior microstructures due to the ease of carbide dissolution in a fine-scale 

matrix.

5. In general, axial residual stress was most compressive on the surface of samples 

with small case-to-core ratios, but a steep transition from compressive to tensile 

residual stress was observed. However, the presence o f retained ferrite near the 

surface reduced the magnitude of the residual stress as the soft, ductile ferrite 

could accommodate expansion of the martensite upon quenching.

6. Three-point bend data o f the induction hardened bars at yield showed good 

correlation with hardening depth, due to core-initiated yielding. The load at 

fracture followed a similar trend. Residual stress differences played only a small 

role in three-point bend performance due to the large magnitude o f the maximum 

bending stresses compared to the magnitude of the residual stresses.

7. Fractography showed mixed mode failures in the composite microstructures 

resulting from induction hardening. The case region primarily showed ductile 

rupture with amounts o f cleavage and intergranular cracking. The core region 

showed primarily cleavage, indicated by river patterns, for coarse microstructures
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and a mixture o f dimpled rupture and/or quasi-cleavage for fine bainite and 

martensite prior microstructures.

8. The SAE 1541 19% cold drawn prior microstructure had a slightly larger case

depth (to 40 HRC) than the as-hot rolled prior microstructure, along with a higher 

core hardness. This resulted in higher fracture loads during three-point bending 

and slightly higher compressive axial residual stress near the surface.

" H i
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APPENDIX A

Manual Point Counting for Volume % Martensite
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Figure A .l : Martensite volume fraction profiles for induction hardened SAE 1541 steel
bars tempered at 150 °C (302 °F) for 1 h r . , processed with a variety o f 
starting microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + 
coarse pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and (d.) ferrite 
+ fine pearlite.
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(d.) mixed bainite and fine pearlite (750°F austemper).
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Figure A.3: Martensite volume fraction profiles for induction hardened SAE 1541 steel
bars tempered at 150 °C (302 °F) for 1 h r . , processed with a variety o f 
starting microstructures : (a.) bainite + pearlite (662 °F austemper),
(b.) bainite + pearlite (615 °F austemper), (c.) as-hot rolled, and (d.) 19% 
cold-drawn.
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Figure A  A: Martensite volume fraction profiles for induction hardened SAE 4140 steel
bars tempered at 150 °C (302 °F) for 1 h r . , processed with a variety of 
starting microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + 
coarse pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and 
(d.) quenched and tempered martensite.
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Figure A.5: Martensite volume fraction profiles for induction hardened SAE 4140 steel
bars tempered at 150 °C (302 °F) for 1 h r . , processed with a variety o f 
starting microstructures: (a.) as-quenched martensite, (b.) ferrite + 
spheroidized carbides, (c.) ferrite + bainite, and (d.) bainite.
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APPENDIX B

Microstructural Evaluation — 2% Nital Etch
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Figure B.l Microstructural traverse o f SAE 1541 ferrite + spheroidized pearlite (small 
prior austenite grain size) prior microstructure after single-pass progressive 
induction hardening. Microstuctures are shown at depths of (a.) 0.25 mm 
[0.010”], (b.) 1.27 mm [0.050”], (c.) 2.54 mm [0.100”], and (d.) 3.81 mm 
[0.150”]. Light optical micrographs, 2% nital.
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Figure B.2 Microstructural traverse of SAE 1541 ferrite + pearlite (small prior austenite 
grain size) prior microstructure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 1.78 mm [0.070”], (c.) 2.54 mm [0.100”], (d.) 3.05 mm [0.120”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, 2% nital etch.
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Figure B.3 Microstructural traverse of SAE 1541 ferrite + coarse pearlite (large prior
austenite grains) prior microstructure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 1.27 mm [0.050”], (c.) 1.90 mm [0.075”], (d.) 2.54 mm [0.100”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, 2% nital etch.

_2
l!
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Figure B.4 Microstructural traverse of SAE 1541 ferrite + fine pearlite prior
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm 
[0.100”], (c.) 3.45 mm [0.136”], and (d.) 5.08 mm [0.200”]. Light optical 
micrographs, 2% nital etch.



Figure B.5 Microstructural traverse of SAE 1541 tempered martensite prior 
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths o f (a.) 0.25 mm [0.010”], (b.) 1.90 mm 
[0.075”], (c.) 2.54 mm [0.100”], (d.) 3.18 mm [0.125”], (e) 3.81 mm [0.150”], 
and (f.) 6.35 mm [0.250”]. Light optical micrographs, 2% nital etch.
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Figure B.6 Microstructural traverse o f SAE 1541 martensitic prior microstructure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 1.90 mm [0.075”], (c.) 2.54 mm [0.100”], 
(d.) 3.81 mm [0.150”], and (e.) 5.08 mm [0.200”]. Light optical micrographs, 
2% nital etch.
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Figure B.7 Micro structural traverse of SAE 1541 ferrite + spheroidized carbide prior 
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.27 mm 
[0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm [0.100”]. Light optical 
micrographs, 2% nital etch.
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Figure B.8 Micro structural traverse of SAE 1541 pearlite + bainite (750°F [400°C 
austemper]) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 2.54 mm [0.100”], (c.) 3.25 mm [0.128”], (d.) 3.66 mm [0.144”], and 
(e.) 5.08 mm [0.200”]. Light optical micrographs, 2% nital etch.
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Figure B.9 Micro structural traverse of SAE 1541 pearlite + bainite bainite (662°F [350°C
austemper]) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 2.54 mm [0.100”], (c.) 3.45 mm [0.136”], and (d.) 5.08 mm [0.200”]. 
Light optical micrographs, 2% nital etch.
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Figure B.10 Microstructural traverse of SAE 1541 pearlite + bainite (615°F [324°C 
austemper]) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 2.54 mm [0.100”], (c.) 3.45 mm [0.136”], and (d.) 5.08 mm [0.200”]. 
Light optical micrographs, 2% nital etch.
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Figure B.l 1 Micro structural traverse of SAE 1541 as-hot rolled prior micro structure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths o f (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.35 mm [0.132”], 
and (d.) 6.35 mm [0.250”]. Light optical micrographs, 2% nital etch.
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Figure B .l2 Microstructural traverse of SAE 1541 19% cold-drawn prior microstructure 
after single-pass progressive induction hardening. Microstuctures are shown 
at depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.76 mm 
[0.148”], and (d.) 6.35 mm [0.250”]. Light optical micrographs, 2% nital etch.
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Figure B.l 3 Micro structural traverse o f SAE 4140 ferrite + spheroidized pearlite prior 
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.27 mm 
[0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm [0.100”]. Light optical 
micrographs, 2% nital etch.
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Figure B .l4 Microstructural traverse of SAE 4140 ferrite + coarse pearlite (small prior 
austenite grains) prior microstructure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 1.27 mm [0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm [0.100”]. 
Light optical micrographs, 2% nital etch.



Figure B.l 5 Micro structural traverse of SAE 4140 coarse ferrite + coarse pearlite prior
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.27 mm 
[0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm [0.100”]. Light optical 
micrographs, 2% nital etch.
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Figure B.16 Micro structural traverse of SAE 4140 tempered martensite prior 
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm 
[0.100”], (c.) 3.18 mm [0.125”], and (d.) 5.08 mm [0.200”]. Light optical 
micrographs, 2% nital etch.
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Figure B.17 Microstructural traverse o f SAE 4140 martensitic prior micro structure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.81 mm [0.150”], 
(d.) 5.08 mm [0.200”], and (e.) 6.35 mm [0.250”]. Light optical micrographs, 
2% nital etch.
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Figure B. 18 Micro structural traverse of SAE 4140 ferrite + spheroidized carbide prior
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010"], (b.) 0.64 mm 
[0.025"], (c.) 1.27 mm [0.050"], (d.) 1.90 mm [0.075"], and (e.) 2.54 mm 
[0.100”]. Light optical micrographs, 2% nital etch.
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Figure B .l9 Microstructural traverse of SAE 4140 ferrite + bainite prior microstructure
after single-pass progressive induction hardening. Microstuctures are shown 
at depths o f (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 2.95 mm 
[0.116”], (d.) 3.25 mm [0.128”], and (e.) 5.08 mm [0.200”]. Light optical 
micrographs, 2% nital etch.
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Figure B.20 Micro structural traverse o f SAE 4140 of a bainite prior microstructure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.05 mm [0.120”], 
and (d.) 5.08 mm [0.200”]. Light optical micrographs, 2% nital etch.
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APPENDIX C

Light Optical Micrographs -Color Tint Etch
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Figure C.l Microstructural traverse of SAE 1541 ferrite + spheroidized pearlite prior 
microstructure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.27 mm 
[0.050”], (c.) 2.54 mm [0.100”], (d.) 2.95 mm [0.116”], and (e) 3.81 mm 
[0.150”]. Light optical micrographs, color tint etched.
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Figure C.2 Microstructural traverse of SAE 1541 ferrite + coarse pearlite (small 
p.a.g.s.) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 1.78 mm [0.070”], (c.) 2.54 mm [0.100”], (d.) 3.05 mm [0.120”], 
and (e) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.



Figure C.3 Microstructural traverse of SAE 1541 ferrite + coarse pearlite (large 
p.a.g.s.) prior microstructure after single-pass progressive induction 
hardening. Micrographs are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 1.27 mm [0.050”], (c.) 1.90 mm [0.075”], (d.) 2.54 mm [0.100”], 
(e) 2.84 mm [0.112”], and (f.) 5.08 mm [0.200”]. Light optical 
micrographs, color tint etched.
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Figure C.4 Microstructural traverse of SAE 1541 ferrite + fine pearlite prior 
microstructure after single-pass progressive induction hardening.
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 1.90 mm [0.075”], (c.) 2.54 mm [0.100”], (d.) 3.45 mm [0.136”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.
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Figure C.5 Microstructural traverse of SAE 1541 martensite prior micro structure 
after single-pass progressive induction hardening. Microstuctures are 
shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.90 mm [0.075”],
(c.) 2.54 mm [0.100”], (d.) 3.18 mm [0.125”], (e) 3.56 mm [0.140”], and 
(f.) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.
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Figure C.6 Micro structural traverse of SAE 1541 tempered martensite prior 
micro structure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 1.90 mm [0.075”], (c.) 2.54 mm [0.100”], (d.) 3.81 mm [0.150”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.



138

•v  îv

Figure C.7 Micro structural traverse of SAE 1541 ferrite + spheroidized carbide prior
micro structure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”],
(b.) 1.27 mm [0.050”], (c.) 1.57 mm [0.062”], (d.) 1.90 mm [0.075”], and 
(e) 2.54 mm [0.100”]. Light optical micrographs, color tint etched.
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Figure C.8 Microstructural traverse o f SAE 1541 pearlite + bainite (750°F [400°C] 
austemper) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 2.54 mm [0.100”], (c.) 3.25 mm [0.128”], (d.) 3.66 mm [0.144”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.
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Figure C.9 Microstructural traverse of SAE 1541 pearlite + bainite (662°F [350°C] 
austemper) prior microstructure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], 
(b.) 2.54 mm [0.100”], (c.) 3.45 mm [0.136”], (d.) 3.76 mm [0.148”], and 
(e) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.
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Figure C.10 Microstructural traverse of SAE 1541 pearlite + bainite (615°F [324°C] 
austemper) prior micro structure after single-pass progressive induction 
hardening. Microstuctures are shown at depths of (a.) 0.25mm [0.010”], 
(b.) 2.54 mm [0.100”], (c.) 3.45 mm [0.136”], and (d.) 5.08 mm [0.200”] 
Light optical micrographs, color tint etched.
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GOLDEN. CO 80401
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Figure C.l 1 Microstructural traverse of SAE 1541 as-hot rolled prior micro structure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.45 mm [0.136”], 
(d.) 3.76 mm [0.148”], and (e) 5.08 mm [0.200”]. Light optical micrographs, 
color tint etched.
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Figure C .l2 Microstructural traverse of SAE 1541 19% cold-drawn prior microstructure
after single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.35 mm [0.132”], 
(d.) 3.76 mm [0.148”], and (e) 6.35 mm [0.250”]. Light optical micrographs, 
color tint etched.
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Figure C.l 3 Micro structural traverse of SAE 4140 ferrite + spheroidized pearlite prior 
micro structure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 1.27 mm 
[0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm [0.100”]. Light optical 
micrographs, color tint etched.



Figure C.14 Microstructural traverse of SAE 4140 ferrite + coarse pearlite (small prior 
austenite grain size) prior micro structure after single-pass progressive 
induction hardening. Microstuctures are shown at depths of (a.) 0.25 mm 
[0.010”], (b.) 1.27 mm [0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm 
[0.100”]. Light optical micrographs, color tint etched.
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Figure C.l 5 Microstructural traverse of SAE 4140 ferrite + coarse pearlite (large prior
austenite grain size) prior microstructure after single-pass progressive 
induction hardening. Microstuctures are shown at depths of (a.) 0.25 mm 
[0.010”], (b.) 1.27 mm [0.050”], (c.) 1.90 mm [0.075”], and (d.) 2.54 mm 
[0.100”]. Light optical micrographs, color tint etched.



Figure C .l6 Microstructural traverse of SAE 4140 martensite prior micro structure after 
single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.18 mm [0.125”], 
(d.) 3.66 mm [0.144”], and (e) 5.08 mm [0.200”]. Light optical micrographs, 
color tint etched.
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Figure C.l 7 Micro structural traverse of SAE 1541 tempered martensite prior microstructure 
after single-pass progressive induction hardening. Microstuctures are shown at 
depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.81 mm [0.150”], 
(d.) 5.08 mm [0.200”], and (e) 6.35 mm [0.250”]. Light optical micrographs, 
color tint etched.
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Figure C. 18 Microstructural traverse of SAE 4140 ferrite + spheroidized carbide prior

micro structure after single-pass progressive induction hardening. 
Microstuctures are shown at depths of (a.) 0.25 mm [0.010”], (b.) 0.64 mm 
[0.025”], (c.) 1.27 mm [0.050”], (d.) 1.90 mm [0.075”], and (e) 2.54 mm 
[0.100”]. Light optical micrographs, color tint etched.



Figure C.l 9 Microstructural traverse of SAE 4140 ferrite + bainite prior micro structure 
after single-pass progressive induction hardening. Microstuctures are shown 
at depths of (a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.25 mm 
[0.128”], (d.) 3.66 mm [0.144”], and (e) 5.08 mm [0.200”]. Light optical 
micrographs, color tint etched.
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Figure C.20 Microstructural traverse of SAE 4140 bainite prior micro structure after single- 
pass progressive induction hardening. Microstuctures are shown at depths of 
(a.) 0.25 mm [0.010”], (b.) 2.54 mm [0.100”], (c.) 3.05 mm [0.120”], and 
(d.) 5.08 mm [0.200”]. Light optical micrographs, color tint etched.
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APPENDIX D

Hardness Profiles — Knoop Microhardness
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Figure D. 1 : Knoop microhardness profiles for induction hardened SAE 1541 steel bars 
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + coarse 
pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and (d.) ferrite + fine 
pearlite.
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Figure D.2: Knoop microhardness profiles for induction hardened SAE 1541 steel
bars tempered at 302°F (150 °C) for 1 h r . , processed with a variety of 
starting microstructures: (a.) quenched and tempered martensite, (b.) as- 
quenched martensite, (c.) ferrite + spheroidized carbides, and (d.) mixed 
bainite and fine pearlite (750°F austemper).
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Figure D.3: Knoop microhardness profiles for induction hardened SAE 1541 steel 
bars tempered at 302°F (150 °C) for 1 h r . , processed with a variety of 
starting microstructures: (a.) bainite + pearlite (662°F austemper), (b.) 
bainite + pearlite (615 °F austemper), (c.) as-hot rolled, and (d.) 19 % 
cold-drawn.
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Figure D.4: Knoop microhardness profiles for induction hardened SAE 4140 steel bars 
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + coarse 
pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and (d.) quenched and 
tempered martensite.
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Figure D.5: Knoop microhardness profiles for induction hardened SAE 4140 steel 
bars tempered at 302°F (150 °C) for 1 h r . , processed with a variety of 
starting microstructures: (a.) as-quenched martensite, (b.) ferrite + 
spheroidized carbides, (c.) ferrite + bainite, and (d.) bainite.
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APPENDIX E

Three-Point Bend Data
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TABLE E.l -  Summary of Three-Point Bend Data

S am p le  ID C ore M icro stru c tu re
P eak  Load @

F rac tu re
Axial

D isp lacem en t J.A.P.L.
1541-1A1-A Spheroidized Pearlite 17.5 kN (3930 Ibf) 10.9 mm (0.43 in) 11.6 kN (2.60 kip)
1541-1A1-B 17.7 kN (3970 Ibf) 11.4 mm (0.45 in) 11.2 kN (2.50 kip)
1541-1A1-C 17.6 kN (3960 Ibf) 11.7 mm (0.46 in) 11.3 kN (2.54 kip)

AVERAGE: 
STD. DEV:

17.6 kN (3950 Ibf) 
93.4 N (21 Ibf)

11.4 m m  (0.45 in) 
0.25 m m  (0.01 in)

11.3 kN (2.55 kip) 
220 N (0.050 kip)

1541-1A2-A Ferrite + Coarse Pearlite 18.1 kN (4080 Ibf) 13.2 mm (0.52 in) 11.2 kN (2.51 kip)
1541-1A2-B (small p.a.g.s.) 15.2 kN (3410 Ibf) 7.4 mm (0.29 in) 11.4 kN (2.56 kip)
1541-1A2-C 18.1 kN (4070 Ibf) 12.4 mm (0.49 in) 11.5 kN (2.59 kip)

AVERAGE: 
STD. DEV:

1.71 kN (3850 Ibf) 
1.69 kN (380 Ibf)

10.9 m m  (0.43 in) 
3.0 m m  (0.12 in)

11.3 kN (2.55 kip) 
180 N (0.040 kip)

1541-2A-A Ferrite + Coarse Pearlite 17.1 kN (3840 Ibf) 9.6 mm (0.38 in) 11.2 kN (2.52 kip)
1541-2A-B (large p.a.g.s) 16.3 kN (3670 Ibf) 8.9 mm (0.35 in) 11.4 kN (2.57 kip)
1541-2A-C 16.7 kN (3750 Ibf) 9.9 mm (0.39 in) 10.8 kN (2.42 kip)

AVERAGE: 
STD. DEV:

16.7 kN (3750 Ibf) 
378 N (85 Ibf)

9.4 m m  (0.37 in) 
0.51 m m  (0.02 in)

11.1 kN (2.50 kip) 
330 N (0.074 kip)

1541-3A-A Ferrite + Fine Pearlite 19.1 kN (4290 Ibf) 10.7 mm (0.42 in) 13.3 kN (2.98 kip)
1541-3A-B 19.9 kN (4470 Ibf) 13.5 mm (0.53 in) 12.9 kN (2.91 kip)
1541-3A-C 20.1 kN (4520 Ibf) 14.0 mm (0.55 in) 13.0 kN (2.92 kip)

AVERAGE: 
STD. DEV:

19.7 kN (4430 Ibf) 
534 N (120 Ibf)

12.7 m m  (0.50 in) 
1.8 m m  (0.07 in)

13.1 kN (2.94 kip) 
170 N (0.039 kip)

1541-4A-A Quenched and Tempered 20.2 kN (4530 Ibf) 10.9 mm (0.43 in) 13.7 kN (3.08 kip)
1541-4A-B Martensite 20.8 kN (4680 Ibf) 12.2 mm (0.48 in) 14.2 kN (3.19 kip)
1541-4A-C 20.2 kN (4530 Ibf) 10.4 mm (0.41 in) 13.9 kN (3.12 kip)

AVERAGE: 
STD. DEV:

20.4 kN (4580 Ibf) 
400 N (90 Ibf)

11.2 m m  (0.44 in) 
1.0 m m  (0.04 in)

13.9 kN (3.13 kip) 
250 N (0.056 kip)

1541-5A-A As-Quenched 22.1 kN (4960 Ibf) 24.4 mm (0.96 in) 14.4 kN (3.24 kip)
1541-5A-B Martensite 22.2 kN (5000 Ibf) 20.8 mm (0.82 in) 15.1 kN (3.39 kip)
1541-5A-C 22.1 kN (4970 Ibf) 23.1 mm (0.91 in) 13.9 kN (3.13 kip)

AVERAGE: 
STD. DEV:

22.2 kN (4980 Ibf) 
90 N (20 Ibf)

22.8 m m  (0.90 in)
1.8 m m  (0.07 in)

14.4 kN (3.25 kip) 
580 N (0.130 kip)

1541-6A-A Spheroidized 15.0 kN (3370 Ibf) 17.8 mm (0.70 in) 8.67 kN (1.95 kip)
1541-6A-B 14.9 kN (3350 Ibf) 15.7 mm (0.62 in) 8.58 kN (1.93 kip)
1541-6A-C 14.7 kN (3310 Ibf) 14.0 mm (0.55 in) 8.76 kN (1.97 kip)

AVERAGE: 
STD. DEV:

14.9 kN (3340 Ibf) 
133 N (30 Ibf)

15.7 m m  (0.62 in) 
2.0 m m  (0.08 in)

8.67 kN (1.95 kip) 
90 N (0.020 kip)
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TABLE E.l — Summary of Three-Point Bend Data (Cont’d)

S am p le  ID
' ■  H 1 MNMN

C ore  M ic ro s tru c tu re
P e a k  L o a d ®  

F ra c tu re J.A .P.L .
1541-7A-A Pearlite + Bainite 21.1 kN (4750 Ibf) 17.3 mm (0.68 in) 13.4 kN (3.02 kip)
1541-7A-B Austempered @ 21.3 kN (4790 Ibf) 19.8 mm (0.78 in) 13.5 kN (3.04 kip)
1541-7A-C 750 °F (400 °C) 20.8 kN (4760 Ibf) 16.0 mm (0.63 in) 13.5 kN (3.03 kip)

AVERAGE: 
STD. DEV:

21.2 kN (4770 Ibf) 
90 N (20 Ibf)

17.8 m m  (0.70 in) 
2.0 m m  (0.08 in)

13.5 kN (3.03 kip) 
40 N (0.010 kip)

1541-8Aa-A Pearlite + Bainite 20.7 kN (4660 Ibf) 14.2 mm (0.56 in) 13.5 kN (3.03 kip)
1541-8Aa-B Austempered @ 20.7 kN (4660 Ibf) 14.0 mm (0.55 in) 13.5 kN (3.04 kip)
1541-8Aa-C 662 °F (350 °C) 19.4 kN (4360 Ibf) 9.9 mm (0.39 in) 13.5 kN (3.03 kip)

AVERAGE: 
STD. DEV:

20.3 kN (4560 Ibf) 
760 N (170 Ibf)

12.7 m m  (0.50 in) 
2.5 m m  (0.10 in)

13.5 kN (3.03 kip) 
30 N (0.006 kip)

1541-8Ab-A Pearlite + Bainite 19.3 kN (4340 Ibf) 9.9 mm (0.39 in) 13.3 kN (3.00 kip)
1541-8Ab-B Austempered @ 21.3 kN (4790 Ibf) 14.7 mm (0.58 in) 13.7 kN (3.09 kip)
1541-8Ab-C 615 °F (324 °C) 20.6 kN (4620 Ibf) 12.7 mm (0.50 in) 13.7 kN (3.07 kip)

AVERAGE: 
STD. DEV:

20.4 kN (4580 Ibf) 
1.02 kN (230 Ibf)

12.4 m m  (0.49 in) 
2.5 m m  (0.10 in)

13.6 kN (3.05 kip) 
210 N (0.047 kip)

1541-HR-A As-hot rolled 19.9 kN (4470 Ibf) 11.7 mm (0.46 in) 13.0 kN (2.92 kip)
1541-HR-B 20.6 kN (4630 Ibf) 14.5 mm (0.57 in) 12.9 kN (2.91 kip)
1541-HR-C 19.3 kN (4330 Ibf) 10.4 mm (0.41 in) 13.2 kN (2.98 kip)

AVERAGE: 
STD. DEV:

19.9 kN (4480 Ibf) 
670 N (150 Ibf)

12.2 m m  (0.48 in) 
2.0 m m  (0.08 in)

13.1 kN (2.94 kip) 
170 N (0.039 kip)

1541-CW-A 19% Cold-drawn 20.8 kN (4680 Ibf) 14.0 mm (0.55 in) 13.7 kN (3.09 kip)
1541-CW-B 20.5 kN (4610 Ibf) 12.7 mm (0.50 in) 13.7 kN (3.09 kip)
1541-CW-C 21.1 kN (4750 Ibf) 17.0 mm (0.67 in) 13.6 kN (3.05 kip)

AVERAGE: 
STD. DEV:

20.8 kN (4680 Ibf) 
310 N (70 Ibf)

14.5 m m  (0.57 in) 
2.3 m m  (0.09 in)

13.7 kN (3.08 kip) 
100 N (0.023 kip)

4140-1B1-A 
4140-1B1-B 
4140-1B1-C

Spheroidized Pearlite 13.7 kN (3080 Ibf) 
13.9 kN (3130 Ibf)
14.8 kN (3330 Ibf)

8.6 mm (0.34 in)
10.2 mm (0.40 in)
14.2 mm (0.56 in)

8.14 kN (1.83 kip) 
7.83 kN (1.76 kip) 
8.10 kN (1.82 kip)

AVERAGE: 
STD. DEV:

14.1 kN (3180 Ibf) 
580 N (130 Ibf)

10.9 m m  (0.43 in) 
2.8 m m  (0.11 in)

8.01 kN (1.80 kip) 
170 N (0.038 kip)

4140-1B2-A Ferrite + Coarse Pearlite 14.4 kN (3250 Ibf) 11.9 mm (0.47 in) 8.45 kN (1.90 kip)
4140-1B2-B (small p.a.g.s.) 14.4 kN (3230 Ibf) 10.9 mm (0.43 in) 8.27 kN (1.86 kip)
4140-1B2-C 15.2 kN (3410 Ibf) 14.2 mm (0.56 in) 8.32 kN (1.87 kip)
4140-1B2-D 14.4 kN (3240 Ibf) 11.2 mm (0.44 in) 8.41 kN (1.89 kip)

AVERAGE: 
STD. DEV:

14.6 kN (3280 Ibf) 
400 N (90 Ibf)

12.2 m m  (0.48 in) 
1.5 m m  (0.06 in)

8.36 kN (1.88 kip) 
80 N (0.018 kip)
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TABLE E.l — Summary of Three-Point Bend Data (Cont’d)

S am ple  ID C ore  M icro stru c tu re
P eak  Load @ 

F rac tu re
Axial

Displacement J.A.P.L,
4140-2B-A Ferrite + Coarse Pearlite 15.1 kN (3400 Ibf) 13.5 mm (0.53 in) 8.5 kN (1.91 kip)
4140-2B-B (large p.a.g.s) 14.1 kN (3180 Ibf) 9.6 mm (0.38 in) 8.6 kN (1.93 kip)
4140-2B-C 14.8 kN (3320 Ibf) 11.4 mm (0.45 in) 8.8 kN (1.98 kip)

AVERAGE: 
STD. DEV:

14.7 kN (3300 Ibf) 
490 N (110 Ibf)

11.4 m m  (0.45 in) 
2.0 m m  (0.08 in)

8.6 kN (1.94 kip) 
160 N (0.036 kip)

4140-4B-A Quenched and Tempered 20.8 kN (4670 Ibf) 11.2 mm (0.44 in) 14.8 kN (3.34 kip)
4140-4 B-B Martensite 20.2 kN (4550 Ibf) 9.9 mm (0.39 in) 14.8 kN (3.32 kip)
4140-4B-C 19.5 kN (4380 Ibf) 8.6 mm (0.34 in) 14.8 kN (3.33 kip)

AVERAGE: 
STD. DEV:

20.2 kN (4530 Ibf) 
670 N (150 Ibf)

9.9 m m  (0.39 in) 
1.3 m m  (0.05 in)

14.8 kN (3.33 kip) 
40 N (0.010 kip)

4140-5B-A As-Quenched 20.3 kN (4560 Ibf) 9.6 mm (0.38 in) 15.0 kN (3.38 kip)
4140-5B-B Martensite 20.8 kN (4670 Ibf) 10.2 mm (0.40 in) 15.2 kN (3.41 kip)
4140-5B-C 19.8 kN (4450 Ibf) 8.6 mm (0.34 in) 15.1 kN (3.39 kip)

AVERAGE: 
STD. DEV:

20.3 kN (4560 Ibf) 
490 N (110 Ibf)

9.4 m m  (0.37 in) 
0.78 m m  (0.03 in)

15.1 kN (3.39 kip) 
70 N (0.015 kip)

4140-6B-A Spheroidized 11.1 kN (2500 Ibf) NA 6.3 kN (1.42 kip)
4140-6B-B 10.9 kN (2450 Ibf)' NA 6.2 kN (1.39 kip)
4140-6B-C 10.4 kN (2350 Ibff NA 5.8 kN (1.30 kip)

AVERAGE: 
STD. DEV:

10.8 kN (2430 Ibf)' 
360 N (80 Ibf)*

NA
NA

6.1 kN (1.37 kip) 
280 N (0.062 kip)

4140-7B-A Ferrite + Bainite 20 1 kN (4520 Ibf) 13.0 mm (0.51 in) 13.4 kN (3.01 kip)
4140-7B-B 20.2 kN (4530 Ibf) 12.7 mm (0.50 in) 13.3 kN (3.00 kip)
4140-7B-C 20.4 kN (4590 Ibf) 15.0 mm (0.59 in) 13.6 kN (3.06 kip)

AVERAGE: 
STD. DEV:

20.2 kN (4550 Ibf) 
180 N (40 Ibf)

13.5 m m  (0. 
1.27 m m  (0.

53 in) 
05 in)

13.4 kN (3.02 kip) 
140 N (0.032 kip)

4140-8B-A Bainite 20.4 kN (4580 Ibf) 12.7 mm (0.50 in) 13.8 kN (3.11 kip)
4140-8B-B (upper and lower) 19.8 kN (4450 Ibf) 10.2 mm (0.40 in) 14.0 kN (3.14 kip)
4140-8B-C 20 1 kN (4520 Ibf) 11.7 mm (0.46 in) 13.8 kN (3.10 kip)

AVERAGE: 
STD. DEV:

20.1 kN (4520 Ibf) 
310 N (70 Ibf)

11.4 m m  (0 
1.27 m m  (0.

45 in) 
05 in)

13.9 kN (3.12 kip) 
90 N (0.021 kip)

* Sample did not fracture. Peak load represents maximum load where A Load vs. 5 = 0.
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Figure E.l : Three point bend results for induction hardened SAE 1541 steel bars
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + coarse 
pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and (d.) ferrite + fine 
pearlite.
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Figure E.2: Three point bend results for induction hardened SAE 1541 steel bars 
tempered at 302°F (150 °C) for 1 h r . , processed with a variety o f starting 
microstructures: (a.) Quenched and tempered martensite, (b.) as-quenched 
martensite, (c.) ferrite + spheroidized carbides, and (d.) mixed bainite and 
fine pearlite (750°F austemper).
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Figure E.3: Three point bend results for induction hardened SAE 1541 steel bars
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) bainite + pearlite (662°F austemper), (b.) bainite + 
pearlite (615 °F austemper), (c.) as-hot rolled, and (d.) 19 % cold-drawn.
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Figure E.4: Three point bend results for induction hardened SAE 4140 steel bars 
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) ferrite + spheroidized pearlite, (b.) ferrite + coarse 
pearlite, (c.) ferrite + coarse pearlite (large p.a.g.s.), and (d.) quenched and 
tempered martensite.
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Figure E.5 : Three point bend results for induction hardened SAE 4140 steel bars 
tempered at 302°F (150 °C) for 1 h r . , processed with a variety of starting 
microstructures: (a.) as-quenched martensite, (b.) ferrite + spheroidized 
carbides, (c.) ferrite + bainite, and (d.) bainite.
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APPENDIX F

Residual Stress Data (Measured)
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Figure F.l Measured residual stress profiles for SAE 1541, induction hardened with a 
variety of prior microstructures: (a.) ferrite + coarse pearlite (large 
p.a.g.s.), (b.) quenched and tempered martensite, (c.) spheroidized, and 
(d.) pearlite + bainite (750°F austemper).
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Figure F.2 Measured residual stress profiles for SAE 1541, induction hardened with a 
variety of prior micro structures : (a.) as-hot rolled and (b.) 19% cold- 
drawn.
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APPENDIX G

Fractographs -(Macro)
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Figure G.l : Matching fractographs of 1.27 cm (%”) SAE 1541 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) ferrite + spheroidized pearlite and 
(b.) ferrite + coarse pearlite.



175

Figure G.2: Matching fractographs of 1.27 cm (%") SAE 1541 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) ferrite + coarse pearlite (large p.a.g.s.) 
and (b.) ferrite + fine pearlite.
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Figure G.3: Matching fractographs of 1.27 cm (14") SAE 1541 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) quenched and tempered martensite 
and (b.) as-quenched martensite.
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b.

Figure G.4: Matching fractographs of 1.27 cm (î4”) SAE 1541 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety o f core microstructures: (a.) ferrite + spheroidized carbides and 
(b.) mixed bainite and fine pearlite (750°F austemper).
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Figure G.5: Matching fractographs of 1.27 cm (1A”) SAE 1541 steel bar samples 
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) bainite + pearlite (662°F austemper) 
and (b.) bainite + pearlite (615 °F austemper).
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Figure G.6: Matching fractographs o f 1.27 cm (!/z") SAE 1541 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) as-hot rolled (b.) 19% cold-drawn 
(from as-hot rolled).
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Figure G.l: Matching fractographs of 1.27 cm (%") SAE 4140 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) ferrite + spheroidized pearlite and 
(b.) ferrite + coarse pearlite.
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.  :

b.

Figure G.8: Matching fractographs of 1.27 cm (%") SAE 4140 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety o f core microstructures : (a.) ferrite + coarse pearlite (large p.a.g.s.) 
and (b.) quenched and tempered martensite.
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b.

Figure G.9: Matching fractographs of 1.27 cm (%") SAE 4140 steel bar samples
fractured in three point bending following induction hardening and 
conventional tempering at 302 °F (150 °C) for 1 hr., processed with a 
variety of core microstructures: (a.) as-quenched martensite and (b.) ferrite 
+ bainite.
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Figure G. 10 Matching fractographs of 1.27 cm ( 1A”) SAE 4140 steel bar samples 
fractured in three point bending following induction hardening and 
conventional tempering at 150 °C (302 °F) for 1 hr., processed with a 
bainite core micro structure.
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