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Abstract

The rising demand for electric vehicles urges automotive suppliers to push their limits

on the sag resistance of suspension coil springs. However, the mechanisms contributing

to sag loss in a coil spring or low temperature creep (LTC) in martensitic spring steel

(MSS) are still unclear. Furthermore, the LTC rate-controlling mechanisms in MSS

remain elusive. In the current research, an attempt has been made to unfold the LTC

rate-controlling mechanisms in SAE 9254 steel grade.

First and foremost, the LTC mechanism-based models, i.e. strain hardening the-

ory (SHT), and exhaustion creep model (ECM) are developed to make them capable

of describing the stress σ and temperature T dependent LTC strain of a material.

Subsequently, the modified SHT and reworked ECM are verified and validated at

the example of SAE 9254. The temperature-dependent LTC behavior of inductively

quenched and tempered (IQT) SAE 9254 and martempered SAE 9254 are studied

at the temperatures 298 K ≤ T ≤ 353 K for a duration of 1 hr at each condition.

The stress σ dependent LTC behavior of IQT SAE 9254 is studied at the stresses

1071 MPa ≤ σ ≤ 1634 MPa, and the stress σ dependent LTC behavior of martem-

pered SAE 9254 is studied at the stresses 421 MPa ≤ σ ≤ 632 MPa.

A combined analysis by means of (i) the reworked ECM, and (ii) advanced mi-

crostructural characterization prior to and post LTC suggests that dislocation glide,

mainly localized in the metastable retained austenite phase, is one of the basic LTC

contributing mechanisms in SAE 9254. Stress-assisted martensitic transformation

(SAMT) and, at elevated temperatures, strain-induced martensitic transformation

(SIMT) are the additional LTC contributing mechanisms. Furthermore, the consid-

ered approach suggests that the LTC rate-controlling mechanisms are stress-assisted

recovery (SAR), SAMT, and, at elevated temperatures, SIMT.
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Kurzfassung

Die steigende Nachfrage nach Elektrofahrzeugen zwingt Automobilzulieferer dazu, ihre

Grenzen bei der Setzfestigkeit von Fahrwerksfedern zu erweitern. Der Mechanismus,

der zum Setzverlust einer Fahrwerksfeder oder zum Low Temperature Creep (LTC)

eines martensitischen Federstahls beiträgt, ist jedoch noch unklar. Darüber hinaus ist

ebenfalls der Kriechraten kontrollierende Mechanismus im Tieftemperaturbereich nicht

bekannt. In der aktuellen Studie wurde versucht, den Kriechraten kontrollierenden

Mechanismus im Tieftemperaturbereich für die Stahlsorte SAE 9254 zu ermitteln.

Zunächst werden die LTC-Mechanismusbasierten Modelle, d.h. die Strain Harden-

ing Theory (SHT) und das Exhaustion Creep Model (ECM) weiterentwickelt. An-

schließend werden die modifizierten LTC-Mechanismusbasierten Modelle verifiziert

und am Beispiel der Stahlsorte SAE 9254 validiert. Es werden die mechanischen

Eigenschaften des Inductively Quenched and Tempered (IQT) und martemperten SAE

9254 im Temperaturbereich von 298 K ≤ T ≤ 353 K für eine Stunde untersucht. Der

überprüfte Spannungsbereich für das spannungsabhängige LTC-Verhalten liegt im Fall

von IQT zwischen 1071 MPa ≤ σ ≤ 1634 MPa und im Fall des martemperten Stahl

zwischen 421 MPa ≤ σ ≤ 632 MPa.

Eine zusammenhängende Analyse mit Hilfe (i) eines mechanismusbasierten ECM

und (ii) einer erweiterten mikrostrukturellen Charakterisierung vor und nach dem LTC

legt nahe, dass das Versetzungsgleiten, welches hauptsächlich in der Restaustenit-

Phase stattfindet, ein grundlegender Mechanismus des LTC ist. Der hier vorgestellte

Ansatz berücksichtigt die Stress Assisted Recovery (SAR) und die Stress-Assisted

Martensitic Transformation (SAMT) für niedrigere Temperaturen sowie die Strain-

Induced Martensitic Transformation (SIMT) bei erhöhten Temperaturen als Kriechraten

kontrollierenden Mechanismus.
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Chapter 1

Introduction

1.1 Engineering Background

Martensitic spring steels (MSS) used in commercial spring applications are known for

their superior sag resistance and fatigue strength. The primary functions of suspen-

sion coil springs are the absorption of shocks and vibrations, and the prevention of

wheel lift to ensure a good grip of wheels while coping with the weight of a passen-

ger car. The coil spring undergoes a progressive deformation, i.e. sag loss caused by

loading during service. The rate of a suspension coil spring does not change by sag

loss. However, the load taken by coil spring decreases which affect the spring char-

acteristics, (a) the driver’s ability to steer the car safely, (b) ride height, (c) riding

quality, and (d) reduction of payload. This technical problem becomes acute when

considering the recent trend towards electric vehicles since electric vehicles, especially

battery electric vehicles (BEV), are heavier than internal combustion engine (ICE)

vehicles. The design stress of the coil springs being used currently is limited and may

not withstand very high design stresses that exist in the case of BEV. Hence, there is

still a need to improve either the sag resistance of coil spring or low temperature creep

(LTC) resistance of spring steel in accordance with the standards of BEV. Improve-

ments in the LTC resistance of spring steels have been achieved through a heuristic

approach, i.e. raising the tensile strength of MSS by a laborious process of effective

micro-alloying and heat treatment [1–6]. Although the raise in tensile strength improves

the LTC resistance, the fatigue strength under corrosive environment, and formability

of MSS would be adversely affected. Besides, the high tensile strength of MSS causes

problems during a coil spring fabrication process, e.g. cutting tool damage and wire

rod breakage. Surprisingly, few LTC investigations on martensitic steels revealed that

the LTC resistance does not depend on the tensile strength of the material [7–12]. Thus,

there is a pressing need to understand the mechanisms on a microscopic scale con-

tributing to the macroscopic LTC strain for further development of an advanced MSS.

However, the underlying mechanisms responsible for LTC in MSS still remain elusive.

1



Hence, the current research is targeted to unfold the LTC rate-controlling mechanisms

in an MSS.

1.2 Scientific Background

Creep is defined as a time-dependent plastic deformation at a constant stress σ less

than the yield strength (YS) σe, and at a constant temperature T less than the melting

temperature Tm of a material. Depending on the applied temperature T , creep is

classified as LTC (T < 0.3 ·Tm), intermediate creep (0.3 ·Tm ≤ T ≤ 0.6 ·Tm), and high

temperature creep (T > 0.6 · Tm). Figure 1.1(a) shows the schematic representation

of the loading process in creep testing. The creep strain εcr(t) is then defined by the

(a) (b)

Figure 1.1: (a) Schematic representation of loading process in creep testing [13],
(b) Creep rate ε̇cr(t) as a function of creep strain εcr(t)

[14]

change of strain after achieving the creep load σ, i.e.

εcr(t) = ε(t)− ε0 (1.1)

here εcr(t), ε(t), and ε0 are time-dependent creep strain, total strain, and instantaneous

strain, respectively [13]. The creep strain εcr(t) typically consists of three stages: (i) the

primary stage, (ii) the secondary stage, and (iii) the tertiary stage (s. Figure 1.1(b)).

In the primary stage, the creep rate ε̇cr(t) decreases with creep strain. During the

secondary or steady stage, the creep rate reaches a minimum and remains constant.

The creep rate increases rapidly in the tertiary creep until the fracture occurs.

Ample amount of LTC investigations on a wide range of materials, e.g. Ti-

alloys [15–17], stainless steel [18;19], pipeline steel [20], Cu [21], and pure Al [22] have been

performed over the last three decades, which are summarised by Kassner et al. [23].

However, the LTC investigations confined to high-strength martensitic steels, espe-

cially under the restricted conditions of σ < σe and T < Tm, are limited [9–13;24–28], and
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these results were reported that LTC strain εcr in high-strength martensitic steels is

confined to the primary stage creep only.

Improvements in LTC resistance of MSS have been achieved by raising the tensile

strength of spring steel through targeted application of various strengthening mecha-

nisms [1–8]. Kawasaki et al. [2] examined the room temperature sag loss behavior of coil

springs made of SAE 9254 steel grade under maximum torsion stress of 1126 MPa

applied for 96 hr. They reported an improvement in the sag resistance of coil springs

with a raise in the tensile strength of SAE 9254. It was presumed that the fine grain

structure attained by inductively quenching and tempering (IQT) technology and re-

tained austenite (γ) phase are effective for strengthening SAE 9254 [3]. However, later,

they speculated that carbide precipitation is more effective than γ phase in IQT spring

steel [3]. Yamamoto et al. [5] considered SUP7 and SUP7-Nb-V steel grades to evaluate

the sag loss behavior of coil springs by torsion LTC tests. An improvement in the sag

resistance of coil springs was noticed with an increase in the hardness of spring steel

grades. Furthermore, the SUP7-Nb-V exhibited superior sag resistance than SUP7,

which was attributed to the precipitation-hardening effect of carbide-forming elements

V and Nb, and the noticed grain refinement was only a co-product of the simultaneous

addition of these elements. It was presumed that sag loss in coil springs resulted from

the movement of mobile dislocations. Consequently, they speculated that NbC and

V4C3 precipitates, as well as prior austenite grain (PAG) boundaries, act as obstacles

for mobile dislocations in SUP7-Nb-V steel [5]. Nam et al. [29] considered the torsional

Bauschinger test1 to evaluate the sag resistance of Si-Cr spring steel. Their results

suggest that the addition of Mo and W enhances the sag resistance of Si-Cr spring

steel, which was attributed to the precipitation-hardening effect by stabilizing the ce-

mentite particles during the tempering of Si-Cr spring steel [29]. Tata et al. [1] reported

an improvement in the sag resistance of coil springs with increasing Si content up to

2.2 wt.%, which was attributed to the precipitation-hardening effect by refining and

stabilizing the ϵ-carbides. Choi [31] proposed a unique step tempering method to in-

crease the density of ϵ-carbides. Si is also considered an effective element to enhance

the LTC resistance of MSS through solid solution strengthening [32]. Irrespective of

the strengthening mechanisms, the authors mentioned above presumed that the LTC

strain in MSS is contributed by dislocation glide. Therefore, the attained improvement

in LTC resistance while strengthening MSS was speculated to be a result of hindering

the movement of mobile dislocations by obstacles such as PAG boundaries, precipi-

tates, and carbides. However, none of them has provided evidence for the hypothesis.

The work of Yamamoto et al. [5] revealed that the sag resistance decreases with in-

1The hysteresis loop area measured in the torsional Bauschinger test is directly proportional to
the sag resistance of coil spring [30]
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creasing hardness of MSS beyond HV 550. Surprisingly, few LTC investigations on

martensitic steels revealed that the LTC resistance does not depend on the tensile

strength of the material [7–12].

In contrast to the above-mentioned efforts, Murai et al. [7;8] achieved an improve-

ment in the LTC resistance of SAE 9254 steel without altering its tensile strength

through warm deformation of QT wire rod by means of cyclic bending. According

to them, the imposed 2.9% strain led to an increase in the dislocation density by the

formation of a rigid dislocation network that effectively interlocks the existing mobile

dislocations. Consequently, they speculated that the LTC resistance was improved

due to the reduction in density of mobile dislocations, which are presumed to be LTC

contributors [7]. Zhao et al. [9] reported that the LTC strain of high strength low carbon

low alloy steel wire was decreased by 65% due to warm deformation at 573 K for 300 s.

Like Murai et al., the reduction in LTC strain was attributed to the reduction in mo-

bile dislocation density due to dislocation rearrangement, which was determined with

the aid of X-ray diffraction (XRD). Besides, they reported a simultaneous increase in

internal friction by the re-dissolution of solute atoms yielded by warm deformation.

The LTC studies of Liu et al. [10–12] on SAE 4340 containing minor ferritic phase

in the tempered martensite (α′) matrix revealed that the LTC resistance depends on

neither hardness nor YS σe of the material. The SAE 4340 samples having the same

hardness of 52± 0.5 HRC and YS σe of 1280± 10 MPa but different ferrite contents

of 0 − 4% have setup through optimizing the heat treatment parameters. It is ob-

served that the SAE 4340 multiphase steel exhibit significant room temperature creep

strain εcr which increases with increasing ferrite content. It was claimed that the LTC

strain was rather predominantly contributed by slip localization in the minor ferrite

phase of SAE 4340 steel [10–12]. Alfredsson et al. [26] have investigated the LTC deforma-

tion behavior of high-strength martensitic roller-bearing steel with γ as a secondary

phase. They considered both dislocation glide and γ phase transformation as LTC

contributing mechanisms for their mechanical materials model.

Although the direct experimental evidence is still due, the above-mentioned au-

thors have unanimously proposed dislocation glide as one of the basic mechanisms of

the primary stage LTC behavior of MSS. However, to the knowledge of the author, no

study has addressed the LTC rate-controlling mechanisms in MSS so far. Therefore,

the current research is targeted to disclose the LTC rate-controlling mechanisms in

SAE 9254 steel through an approach of combined analysis by means of (i) an LTC

mechanism-based model, and (ii) advanced microstructural characterization prior to

and post LTC. The research objectives and a roadmap to achieve them are compre-

hensively described in Chapter 3.
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Chapter 2

State of the Art Technology

and Literature Review

2.1 Martensitic Spring Steels: Effect of

Micro-Alloying

The primary property requirements of spring steels used in commercial suspension

coil springs are high sag resistance, fatigue strength, high hardenability, and ultimate

tensile strength (UTS) with a decent amount of reduction of area (RoA). The spring

steels are categorized based on their strength as UTS of 1200 MPa, 1800 MPa, and

2000 MPa. Up to 1200 MPa requirements, simple low alloy steels are adequate. The

1800 MPa steels are high Si-Cr low alloy steels [31]. The 2000 MPa steels are a special

class of high Si steels with additional micro-alloying. The micro-alloying of the spring

steel plays a very key role in improving UTS as well as ductility which affects the

spring formability.

In general, the 2000 MPa steels are medium C steel (0.5 wt.%) with additional

micro-alloying elements usually Si, Cr, Mn, Mo, V, and Nb. The addition of Si pro-

vides tempering resistance by delaying the transition of ϵ-carbides to cementite during

tempering [33–38]. Furthermore, the growth of cementite particles is controlled since Si

rejected from cementite particles acts as a growth barrier and yields a refined disper-

sion of cementite particles [34;39]. Consequently, the sag resistance is enhanced through

stabilizing the ϵ-carbides and refining the cementite particles [1]. However, surface

decarburization is a major concern for Si-rich spring steels, e.g. SAE 9260. Cr sup-

presses the decarburization caused by high Si content and improves the hardenability,

simultaneously [2]. The addition of Cr and/or Mo provides tempering resistance by

refining cementite particles at higher tempering temperatures of T > 673 K [40]. Mn

contributes to high hardenability and enhanced UTS through dislocation pinning by

solid solution strengthening. The addition of V and Nb improves the fatigue strength
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and sag resistance of spring steel by ensuring grain refinement through effectively

interlocking the PAG boundaries with the fine precipitates V C and NbC [6;29].

The spring steels usually supplied by steel makers are in the form of hot rolled

wire rods having UTS ≈ 900 MPa, which can be attributed to the microstructure

containing softer phases, i.e. pearlite and ferrite [41]. The as-received hot rolled wire

rods undergo the QT process to meet the requirements of a component maker, i.e.

UTS of ≥ 2000 MPa with a decent amount of RoA through the formation of hard

martensitic microstructure. The microstructure evolution during the QT process of

spring steel is described in the following section.

2.2 Retained Austenite in Martensitic Spring Steel

The schematic representation of microstructure evolution during the QT process of

spring steel is shown in Figure 2.1. To begin with, the as-received wire rods are

heated and held enough time at the above austenitization temperature (Ac3) to ob-

tain austenitic microstructure. Subsequently, these wire rods are quenched using a

quenching media which is often maintained at a temperature T below the marten-

sitic start temperature (Ms). Water, oil, and compressed air are the most commonly

used quenching media. Due to the rapid cooling rate in the quenching process, the

austenite phase transforms into a hard, brittle martensitic phase. However, a part of

the austenite remains in the martensitic matrix without undergoing transformation

during quenching which is recognized as retained austenite (γ) phase [42]. The volume

fraction of the γ phase retained after quenching depends on the factors, e.g. quenching

media, temperature, and time.

The as-quenched MSS exhibit high strength and low ductility owing to the hard

martensitic matrix with supersaturated C content, which affects the formability of

spring steel. Thus, a second stage of heating, called tempering, is adopted, i.e. reheat

the as-quenched wire rods to the temperatures T ≥ 373 K to improve the ductility

while maintaining reasonably high UTS [43]. The structural changes that occur during

the tempering of martensitic microstructure are divided into the aging and tempering

process [44]. At low tempering temperatures T < 373 K, the martensitic phase under-

goes aging, i.e. the highly mobile C atoms in the quenched martensite phase rearrange

themselves and migrate to the interfaces, e.g. dislocations, lath boundaries [44]. The

tempering of MSS is classified into three stages depending on the tempering tempera-

ture. During stage 1 tempering 423 K ≤ T ≤ 523 K, the supersaturated C atoms in

the as-quenched martensite precipitate as transition ϵ-carbides (Fe2.4C) with hexago-

nal crystal packing [45]. Consequently, the C content in the supersaturated martensite
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Figure 2.1: Schematic representation of microstructure evolution during the QT pro-
cess of spring steel

is reduced to about 0.25 wt.% and the resulting matrix with low C content is recog-

nized as tempered martensite (α′) [46]. During stage 2 tempering 473 K≤ T ≤ 573 K,

the metastable γ phase decomposes into ferrite and cementite (Fe3C) particles. Dur-

ing stage 3 tempering T ≥ 523 K, the transition ϵ-carbides in the α′ phase transform

to stable cementite particles with orthorhombic crystal structure [47;48]. The coarsen-

ing and spheroidization of cementite particles take place with a further increase in

tempering temperature and/or tempering time.

In industrial practice, the QT process is performed by means of either conventional

furnace treatment [31] or inductive treatment [2;49] or a combination of both to achieve

the desired mechanical properties of MSS. The adopted heat treatment technology

(i.e. furnace vs inductive) certainly has an impact on the mechanical properties and

microstructural features of MSS. The rapid heating rate and shorter processing time

in IQT are advantages to obtaining superior mechanical properties without surface

decarburization. However, the α′ matrix attained through IQT technology contains

a relatively high dislocation density due to a lack of time for dislocation annihilation

and recovery. Consequently, the precipitation behavior of cementite gets affected [50].

Furthermore, the IQT process caused micro-segregation of C and additional micro-

alloying elements owing to short processing time [50;51]. Consequently, there exists a

variation in martensitic start temperature Ms locally on a microscopic scale which led

to the inhomogeneous distribution of γ phase in MSS.
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Stability of Retained Austenite

MSS contains a significant amount of γ phase due to the incomplete martensitic trans-

formation during the QT process. The γ phase in MSS exists in metastable nature

owing to its supersaturated C content at the ambient conditions. Indeed, the stability

of the γ phase in martensitic steels depends on several factors, e.g. chemical com-

position, morphology, stress, temperature, strain, and strain rate [52]. The elements

Mn and Ni act as γ phase stabilizers [53;54]. Surprisingly, it was reported that high Si

content promotes the stability of the γ phase on quenching through increasing the C

concentration of γ phase [55;56]. The γ phase in martensitic steel exists in the form of

blocky γB and filmy γF morphologies. The blocky γB phase is located in the vicinity

of PAG boundaries, whereas the filmy γF phase is present along the lath boundaries

of α′ phase, predominantly [57]. It is commonly reported that the blocky γB phase is

relatively less stable in comparison with the filmy γF phase due to its bigger size and

low carbon content. Thus, the blocky γB phase transforms to martensite during defor-

mation, whereas the filmy γF phase retains stability even after fracture [58]. However,

the filmy γF phase is vulnerable to elevated temperatures and decomposes to ferrite

and cementite particles owing to its high carbon content [59]. The low strain rates in

a tensile deformation promote the transformation of γ to α′ phase, and the rate of

transformation suppresses at higher strain rates due to the lack of time for heat dis-

sipation. The heat generated during tensile deformation at higher strain rates would

raise the temperature locally, and then stabilize the γ phase [60].

2.3 Deformation Mechanisms in Retained

Austenite

The plastic deformation in γ phase is primarily contributed by means of disloca-

tion glide owing to its face-centered cubic (FCC) crystal structure with high sym-

metry and 12 possible slip systems [14]. The most favorable slip system in γ phase is

{111} < 110 >, where {111} is the close packed plane and < 110 > is the slip di-

rection. The Burgers vector of a perfect dislocation for the considered slip system of

γ phase is a
2
[101], with a being the lattice parameter. The energy of a dislocation is

directly proportional to the square of the magnitude of its Burgers vector. Thus, the

perfect dislocation, a
2
[101] in the γ phase is often dissociating into partial dislocations,

a
6
[112] and a

6
[211], to reduce the line energy [61]

a

2
[101] → a

6
[112] +

a

6
[211]. (2.1)
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The dissociation width between the partial dislocations depends on the stacking fault

energy (SFE) which is a function of the material’s composition [62;63] and the temper-

ature [64]. It is often reported that the smaller the SFE, the greater the dissociation

width between partial dislocations [65]. Consequently, the magnitude of SFE plays a de-

cisive role in the activation of secondary deformation mechanisms, i.e. transformation-

induced plasticity (TRIP), and twinning-induced plasticity (TWIP) along with dislo-

cation glide in the γ phase. Figure 2.2 shows the temperature T dependence of SFE

of SAE 9254 steel grade generated by JMatPro® software. The SFE increases lin-

early with temperature T in the range of 283K ≤ T ≤ 373K. It is often reported

that with decreasing SFE, the active deformation mechanisms in γ phase change from

(i) dislocation glide to (ii) dislocation glide and TWIP to (iii) dislocation glide and

TRIP [63;66;67]. The TRIP mechanism is activated at low SFE < 20 mJ/m2, whereas the

TWIP mechanism becomes active for SFE of 20− 40 mJ/m2. Beyond SFE > 40 mJ/m2,

the plasticity in γ phase is contributed by dislocation glide solely [68].

Figure 2.2: Temperature dependence of SFE for SAE 9254 composition determined
by means of JMatPro® software

Transformation Induced Plasticity

The γ → α′ phase transformation is driven by a decrease in the change in Gibbs free

energy (∆G)

∆G = ∆Gch +∆Gmech (2.2)

with ∆Gch being the change in chemical free energy, i.e. the difference between free

energies of γ and α′ phases, ∆Gmech being the mechanical free energy associated with
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the strain energy generated by applied stress σ as shown in Figure 2.3 [69]. The chemical

free energy ∆Gch decreases with increasing temperature T . Thus, the additional free

energy ∆Gmech contribution must increase with the raise in temperature T to promote

further phase transformation. The volume changes that occurred during γ → α′

phase transformation contribute to plasticity in terms of volumetric transformation

strain. Based on the monotonic and cyclic loading tests on a carburized 4320 steel,

Neu et al. [24] have classified the γ phase transformation primarily into four regimes

depending on the test temperature T (s. Figure 2.4) [24;70].

Figure 2.3: Variation of Gibbs free energy for γ and α′ phases with temperature [69]

Athermal transformation of the γ phase occurs by cooling the material to subzero

temperatures, e.g. cooling in liquid nitrogen or hydrogen. Hence, the free energy ∆G

required for athermal transformation is provided through ∆Gch, exclusively. The

athermal transformation of the γ phase consider to be a spontaneous transformation,

and the rate of transformation remains constant irrespective of the degree of under-

cooling [70]. Although the γ phase in MSS is metastable at the ambient conditions,

the chemical free energy ∆Gch is insufficient for a spontaneous martensitic transfor-

mation. However, an additional free energy ∆Gmech provided through an externally

applied stress σ promotes martensitic transformation known as stress-assisted marten-

sitic transformation (SAMT) at the existing nucleation sites in the parent phase [71].

SAMT is dominant in the temperatures of 298 K≤ T ≤ 323 K (s. Figure 2.4) [24].

As the chemical free energy ∆Gch contribution decreases with increasing temperature,

∆Gmech contribution must increase with the raise in temperature for further phase

transformation. It is observed that the SAMT of γ phase exhausts at the temperature

T = 333K [72]. At elevated temperatures, new nucleation sites for martensitic transfor-

mation are generated during the plastic deformation, e.g. intersection of microbands,
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Figure 2.4: Schematic representation of the four regimes of the γ phase transformation
in a carburized 4320 steel in the temperatures 223 K ≤ T ≤ 523 K [24]

and yields to strain-induced martensitic transformation (SIMT) [73;74]. The SAMT and

SIMT mechanisms shall be related to the deformation-induced transformation of the

γ phase depicted in Figure 2.3.

Thermal-induced transformation (TIT) of γ phase was noticed in a carburized

4320 steel with 35% of γ phase at the temperatures T ≥ 353 K [24]. The mechanism

associated with TIT is similar to the tempering process. At low temperatures, the γ

phase decomposes into ferrite and transition carbides, whereas bainitic transformation

is preferable at elevated temperatures [24].

The γ phase contributes to plasticity in combination with dislocation glide and

mechanical twinning if the SFE is 20−40 mJ/m2 [75]. TWIP is a prominent deformation

mechanism in the steels containing Mn of 18− 30 wt.% along with C, Si, Al, and

Cr [76]. The strain hardening in TWIP steels is provided through the formation of

deformation twins.

2.4 LTC Investigations on Martensitic Steels

Though plenty of literature is describing the phenomenon of developing martensitic

steels with enhanced LTC resistance through heuristic approaches (refer to section 1.2),

the research work attempted to address the underlying mechanisms behind LTC in

martensitic steels is very limited. The LTC strain εcr in martensitic steels is con-

fined to the primary stage creep only, i.e. the creep rate ε̇cr decreases with creep

strain εcr
[9–13;24–28] (s. Figure 1.1(b)). Two empirical creep laws, named power law and
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logarithmic law2, are in use to describe the primary stage LTC strain in a material.

According to a power law [77;78], the LTC strain

εcr(t) = m ·
(

t

t∗

)m∗

(2.3)

wherem andm∗ being the material parameters, t being time, and t∗ being the arbitrary

reference time. On the other hand, according to a logarithmic creep law [79;80], the LTC

strain

εcr(t) = α · ln(β · t+ 1) (2.4)

where α(σ, T ) and β(σ, T ) are material specific creep parameters.

Oehlert et al. [13] studied the effect of stress σ, loading rate, and loading his-

tory on the room temperature creep behavior of martensitic steel grades AISI 4340,

3.5NiCrMoV, and AerMet100. They reported that the stress-dependent room temper-

ature creep strain of these steel grades follows a logarithmic creep law. Liu et al. [10–12]

examined the impact of varying small amounts of a secondary phase, i.e. ferrite in

the α′ matrix, on the room temperature creep behavior of SAE 4340. Samples having

the same YS σe of 1280± 10 MPa but different ferrite contents of 0 − 4% exhibit

a room temperature creep strain that follows a logarithmic creep law. Neu et al. [25]

studied the LTC behavior of carburized 4320 steel having a α′ matrix with 14 − 35%

of γ phase. Their experiments revealed that the stress and temperature-dependent

LTC strain obeys a logarithmic creep law. Alfredsson et al. [26] investigated the LTC

behavior of the roller-bearing steel grade 100CrMnMo8. They reported that the LTC

strain obeys a logarithmic creep law in material with a bainitic matrix. However, the

LTC strain in the very same steel grade with a α′ matrix follows a power law. It is

evident from the above-mentioned LTC investigations that the logarithmic creep law

(s. Eq. (2.4)) is rather well suited to describe the primary stage LTC behavior in

martensitic steels.

Besides, the stress σ and temperature T dependence of LTC strain, as well as

the creep parameters α(σ, T ) and β(σ, T ) are studied by some of the above-mentioned

authors. Oehlert et al. [13] reported that LTC strain εcr, as well as the creep parameters

α and β increase with stress σ. However, the creep parameter α exhibited rather

a strong stress σ dependence than the other creep parameter β. The stress σ and

temperature T dependence of LTC strain is evident in the studies of Neu et al. [25] on

carburized 4320. However, their studies were lacking in examining the stress σ and

temperature T dependence of creep parameters. Alfredsson et al. [26] have reported

2Later, two LTC mechanism-based models have been developed to describe the logarithmic creep
behavior
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the stress σ and temperature T dependence of LTC strain in roller-bearing steel grade

100CrMnMo8. However, the stress σ and temperature T dependence of the creep

parameters were not covered in their investigations. The LTC studies of Münch et

al. [49] on 64SiCrV6 having α′ matrix revealed an increase in the LTC strain εcr, and

the creep parameter α with stress σ and temperature T .

The authors mentioned above have unanimously proposed dislocation glide as

the underlying mechanism behind the stress σ and temperature T dependent LTC

strain εcr in martensitic steels related to a logarithmic creep law [9–13;24–27]. However,

the room temperature creep studies of Liu et al. [10–12] on SAE 4340 with 0−4% ferrite

content allowed to take this assumption one step forward. The increase in room tem-

perature creep strain with increasing ferrite content was attributed to the hypothesis

of slip localization mainly in the softer ferrite phase [12]. The experiments of Neu et

al. [24;70;72] revealed that two deformation modes are contributing to the total strain

under constant load: (i) the LTC strain by means of dislocation glide, and (ii) the

volumetric transformation strain3 due to the γ → α′ phase transformation. According

to them, γ phase transformation could be aided by either SAMT or TIT depending

on the test temperature T (s. Figure 2.4). Alfredsson et al. [26] have considered the

occurrence of γ phase transformation under tensile loading in terms of the strength

differential effect (SDE)4 in their LTC models for a good correlation with experimental

data.

Although various mechanisms are presumed to be LTC contributors in martensitic

steels, i.e. dislocation glide, slip localization, and phase transformation (SAMT and/or

TIT), the actual mechanisms behind the primary stage logarithmic creep in martensitic

steels are yet to be understood. Furthermore, the LTC rate-controlling mechanisms

remain elusive.

2.5 LTC Mechanism-Based Models

Two LTC mechanism-based models, named strain hardening theory (SHT) [82] and

exhaustion creep model (ECM) [83–85] were proposed to explicate the logarithmic creep

behavior, as well as to justify the creep rate reduction with time. The material is

assumed to be single-phase, homogeneous, and isotropic in nature, and the LTC strain

is contributed by dislocation glide solely. Thus, the creep rate ε̇cr shall be expressed

3Bhadeshia [81] stated that volumetric transformation due to time-dependent phase transformation
obeys a logarithmic creep law.

4SDE refers to the display of larger YS σe under uni-axial compression load than uni-axial tensile
load.

13



by the Orowan equation

ε̇cr = ρm · b · v (2.5)

with ρm being the mobile dislocation density, b being the Burgers vector, and v being

the velocity of mobile dislocation. Consequently, a decrease in creep rate with time

could be a result of a decrease in the mobile dislocation density or a decrease in the

velocity of mobile dislocation, or a combined result of both [13].

2.5.1 Strain Hardening Theory

A mechanism-based SHT was proposed by Orowan [82] which describes a decrease in

LTC rate with time in terms of a decrease in dislocation velocity. It is considered that

the activation stress σ required for dislocation glide increases as the LTC strain pro-

ceeds due to an increase in back stress exerted by obstacles in the opposite direction

to the dislocation motion. Consequently, the dislocation dynamics get affected during

LTC deformation. However, the nature of these obstacles has not clearly described

by him. Seeger [86] has proposed that the change in dislocation dynamics during de-

formation resulted from the intersection of mobile dislocations with a kind of sessile

dislocations, which are immobile in nature. Alden [18] has argued that the LTC rate

reduction is a combined effect of a decrease in dislocation velocity and a reduction

in density of mobile dislocations. Like others, the decrease in dislocation velocity

was attributed to the increase in back stress during LTC deformation. Besides, he

claimed that some of the mobile dislocations were arrested by the dislocation network

during LTC, then became immobile in nature. Consequently, the fraction of mobile

dislocations gets reduced. Irrespective of their claims on the LTC rate-controlling

mechanisms, the authors mentioned above have concluded that the strain hardening

approach yields a logarithmic creep law. Kassner et al. [23] have re-examined the SHT,

then confirmed the logarithmic creep law similar to

ln ε̇cr = ln(α · β)− 1

α
· εcr (2.6)

with

α =
k · T
h · νe

and β =
c

α
· exp

(
− d

T

)
(2.7)

with creep parameters α(T ) and β(T ). Here k is the Boltzmann constant, h is the

Planck constant, νe is the activation volume, c and d are the material constants.
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2.5.2 Exhaustion Creep Model

Nabarro [83;84] came up with a distinct approach, i.e. ECM to unveil the LTC rate-

controlling mechanisms related to a logarithmic creep law. A year later, the same

ECM concept was presented in a simplified manner by Smith [85]. According to them,

the material is single-phase, homogeneous, and isotropic in nature and it contains

pairs of obstacles and dislocation elements. It is considered that each pair has to be

activated so that the dislocation element overcoming the obstacle can move a cer-

tain distance to contribute to LTC strain. It is considered that these obstacles have

a distribution of inherent activation energies Gi and inherent activation stresses σi

(s. Figure 2.5). The obstacles possessing activation stress σi less than the constant

Figure 2.5: Classification of obstacles based on the inherent activation energy Gi and
inherent activation stress σi

applied stress σ, i.e. σi < σ, are activated spontaneously and contributed to instan-

taneous plastic strain in LTC testing. To justify the transient nature of LTC strain,

these obstacles are assumed to be exhausted immediately, once the dislocation element

successfully surmounts the obstacle [87]. Since the dislocation elements must overcome

the obstacles with progressively larger activation energies as the LTC strain proceed,

the LTC rate diminishes with time due to the exhaustion of numerous obstacles with

small activation energies [83–85;87]. However, their ECM version discussed neither the

nature of these obstacles nor the mechanism behind the progressive exhaustion of them

clearly. Welch et al. [88] have re-examined the ECM, then they claimed that the LTC

rate diminishes due to exhaustion of mobile dislocations instead of obstacles by dislo-
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cation intersection mechanism. Irrespective of their claims on the LTC rate-controlling

mechanisms, the authors mentioned above have stated that the ECM approach led to

a logarithmic creep law

εcr(t) = α · ln(β · t) (2.8)

with

α = e · T and β = constant (2.9)

where α(T ), β are material specific creep parameters, and e is a material constant.

However, Cottrell [89] claimed in his latest work that the ECM is incomplete, and

doesn’t yield to a logarithmic creep law once it is completed.

2.5.3 Shortcomings of LTC Mechanism-Based Models

Martensitic steels exhibit the stress σ and temperature T dependence of LTC strain

related to a logarithmic creep law. Furthermore, the experimentally derived creep

parameters also exhibit significant stress σ and temperature T dependency (refer to

section 2.4). As an example, the experimentally derived creep parameters α and β of

martensitic steel grades AISI 4340, AerMet100, and 3.5NiCrMoV were extracted from

the work of Oehlert et al. [13], and presented here in Figure 2.6.

(a) (b)

Figure 2.6: Stress dependence of (a) creep parameter α, (b) creep parameter β at
constant temperature T = 296 K [13]

Though the SHT approach yields a logarithmic creep law (s. Eq. (2.6)), it conceives

the creep parameters α(T ) and β(T ) as independent of stress σ (s. Eq. (2.7)). Thus,

the SHT is incapable of describing the stress σ dependency of the experimentally de-

rived creep parameters shown in Figure 2.6. Neu et al. [25] attempted to incorporate

the stress σ dependency of the creep parameter α in their kinetic model of logarith-

mic creep in terms of the deviatoric stress. However, their analyses were not in line
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with the experimentally derived stress σ and temperature T dependency of the creep

parameters. Alfredsson et al. [26] attempted to extend the SHT by combining a loga-

rithmic creep model with the SDE effect in order to well describe the LTC behavior

of high-strength roller-bearing steel. However, their approach was purely related to

the mechanics of the material rather than a mechanism-based approach addressing the

LTC rate-controlling mechanisms. Furthermore, their work was lacking in verifying the

extended SHT in terms of stress σ and temperature T dependence of creep parameters.

Since a mechanism-based model ought to describe the stress σ and temperature T de-

pendence of creep parameters correctly, still there is a necessity for the development

of the SHT. Subsequently, the modified SHT needs to be verified and validated at the

example of an MSS to disclose the LTC rate-controlling mechanisms in the respective

steel grade.

Nabarro [83;84] and Smith [85] stated that the ECM approach yields a logarithmic

creep law (s. Eq. (2.8)). Therefore, the above-mentioned shortcomings of SHT in

describing the stress σ dependence of creep parameters shall be extended to the ECM

as well. Besides, the ECM is incomplete and doesn’t yield to a logarithmic creep law

once it is completed as stated by Cottrell [89] in his latest work. Thus, the existing

version of ECM is unqualified in describing the LTC behavior of martensitic steels.

Hence, there is a necessity to rework the ECM from scratch through a mechanism-

based approach to justify the stress σ and temperature T dependence of LTC strain, as

well as the creep parameters. Subsequently, the reworked ECM needs to be verified and

validated at the example of an MSS to disclose the LTC rate-controlling mechanisms

in the respective steel grade.
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Chapter 3

A Roadmap to Achieve the

Research Objectives

3.1 Research Objectives

Though various mechanisms are presumed to be LTC contributors in martensitic steels,

the actual mechanisms behind LTC in an MSS are yet to be understood. Besides,

the LTC rate-controlling mechanisms remain elusive. Therefore, the main focus of

the current research is to disclose the LTC rate-controlling mechanisms in an MSS.

To accomplish the target, the main objectives of the considered research approach

are as follows: (1) develop the LTC mechanism-based models, i.e. SHT and ECM

to overcome their respective shortcomings described in section 2.5.3, (2) verify and

validate the developed LTC mechanism-based models, i.e. modified SHT and reworked

ECM, at the example of an MSS, and (3) propose and validate the experimental-based

hypothesis of LTC rate-controlling mechanisms in the investigated MSS.

3.2 A Roadmap to Achieve the Research

Objectives

A research approach of combined analysis by means of (i) an LTC mechanism-based

model, and (ii) mechanical testing followed by advanced microstructural characteriza-

tion prior to and post LTC is considered to disclose the LTC rate-controlling mech-

anisms in an MSS. A roadmap of the research approach to disclosing the LTC rate-

controlling mechanisms in an MSS is shown in Figure 3.1.
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Figure 3.1: A roadmap of the research approach to disclosing the LTC rate-controlling
mechanisms in an MSS

Research Objective #1: Develop the Low Temperature Creep

Mechanism-Based Models

An LTC mechanism-based model ought to describe the stress σ and temperature T

dependence of LTC strain, as well as the creep parameters correctly. However, the

major drawback of the existing LTC mechanism-based models, i.e. SHT and ECM is

their inability to describe the stress σ and temperature T dependence of creep param-

eters. It is noticed that the earlier generation authors have considered the obstacles

possessing inherent activation stresses σi in the range of 0 − ∞. Furthermore, the

obstacle distribution function was assumed to be a slowly varying function of applied

stress σ. These two considerations led to the handicapped SHT and ECM. It can

be overcome by restricting the obstacles having activation stresses σi up to YS σe,

and by introducing a reasonable stress σ dependent obstacle distribution function.

Furthermore, the incomplete version of ECM shall be completed without any approx-

imations by means of today’s resources. The details of developing the SHT and ECM

are described comprehensively in Chapter 4.

Research Objective #2: Verify and Validate the Developed

Low Temperature Creep Mechanism-Based Models

The developed LTC mechanism-based models, i.e. modified SHT and reworked ECM

are verified and validated in a two-stage process at the example of IQT SAE 9254.

In the first stage of verification, the ability of the developed models to describe the

stress σ and temperature T dependence of LTC strain is verified by the best fitting of

the LTC strain of IQT SAE 9254 with their respective creep laws. Subsequently, the
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individual creep parameters are derived from the best fitting. In the second stage of

verification, the derived creep parameters ought to represent the stress σ and temper-

ature T dependency in terms of their respective creep laws, correctly. The unqualified

model shall be ruled out at this stage for further validation. As mentioned in the

section 2.5, the LTC models are developed based on the consideration that LTC strain

is contributed by dislocation glide. Hence, the magnitude of the derived activation

volume νe and YS σe from the second stage fitting of creep parameters would be sup-

portive in the process of validating the developed LTC mechanism-based models. The

independent verification followed by validation of the modified SHT and reworked

ECM at the example of IQT SAE 9254 are presented in Chapter 6.

Research Objective #3: Propose and Validate the Hypothesis

of LTC Rate-Controlling Mechanisms in an MSS

Successful validation of the reworked ECM at the example of IQT SAE 9254 followed

by microstructural characterization prior to and post LTC with the aid of XRD are

supported in constructing an experimental-based hypothesis of LTC rate-controlling

mechanisms in IQT SAE 9254 (refer to Chapter 6).

However, it is challenging to validate the hypothesis at the example of IQT SAE

9254 that contains a rather low volume fraction of γ phase (8.9%) in the form of nano-

islands (s. Figure 5.11(a)). Consequently, the author feels increasing the γ phase would

be convenient to validate the proposed hypothesis of the LTC rate-controlling mecha-

nisms in SAE 9254. Hence, the martempering technology [90] (refer to section 5.2.2) is

considered to increase the volume fraction of γ phase in the very same SAE 9254 steel

grade. The microstructural changes due to LTC, i.e. the γ phase fraction, and dislo-

cation density determined by XRD, as well as Kernel-Average-Misorientation (KAM),

and respective phase maps obtained from SEM coupled with electron back-scattered

diffraction (EBSD) shall provide firm support to validate the proposed hypothesis of

the LTC rate-controlling mechanisms in SAE 9254 (refer to Chapter 7 and Chapter 8).
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Chapter 4

Modification of Low Temperature

Creep Mechanism-Based Models

The purpose of this chapter is to review the existing LTC mechanism-based models, i.e.

SHT and ECM, followed by reworking them to overcome their respective drawbacks

postulated in section 2.5.3.

It is generally assumed that LTC in martensitic steels is sustained by a dislocation

glide mechanism analogous to plastic deformation. However, in contrast to plastic

deformation, the uni-axial stress σ during LTC is significantly smaller than the YS σe

of the material. A punctiform obstacle or spatial residual stress may constrain the

mobility of each linear mobile dislocation element under a load σ. Considering only

the interaction with an obstacle, each pair, consisting of a mobile dislocation element

and an obstacle, respectively, has to become activated, so that the dislocation element

can move for a certain distance before it gets arrested by another obstacle again. In

a rather simple approach, the considered material is homogeneous, and it possesses a

specific number P of such pairs per volume. The unit volume V , which contains only

one pair, then reads

P · V = 1 ⇒ V =
1

P
. (4.1)

Figure 4.1 shows such a dislocation element that is arrested by an obstacle in its

unit volume V . With the average length l of such a mobile dislocation element, the

density ρm of mobile dislocations is accordingly defined by

ρm =
l

V
= l · P (4.2)

For the sake of simplicity, it is assumed that the specific number P of pairs per volume

and the mobile dislocation density ρm are slowly varying functions in time t.
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Figure 4.1: Schematic representation of dislocation pairs in slip plane of adjacent unit
cells

4.1 The Obstacle Distribution Function

The nature of an obstacle, that prevents the movement of the dislocation element,

is defined by its inherent activation energy Gi, and activation volume νi. Thermal

activation of the pair of a dislocation element and an obstacle, respectively, under the

stress σ at a temperature T is controlled by the net activation energy ∆Gi

∆Gi = Gi − νi · σ = νi ·∆σi (4.3)

where σi = Gi/νi denotes the inherent activation stress and ∆σi = σi − σ is the net

activation stress, respectively (s. Figure 2.5). The maximum inherent activation

energy Ge of obstacles manifests itself at the YS σe, i.e.

Ge = νe · σe (4.4)

Hence, the specific activation energy gi and the specific net activation energy ∆gi are

defined as

gi =
Gi

Ge

and ∆gi =
∆Gi

Ge

. (4.5)

with 0 ≤ gi < 1. It is assumed here that the activation volume νi is either νe, i.e. a

constant, or a monotonically increasing function of gi. i.e.

νi = ν(gi) and
dν(gi)

gi
≥ 0 (4.6)

so that 0 ≤ ∆gi < (σe−σ)/σe. Besides, the considered pair of a dislocation element and

an obstacle, the unit volume V contains further obstacles in the path of the activated

mobile dislocation element. The collectivity of these obstacles within this path, i.e.
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in the specific glide plane, is defined by the total number N of obstacles per unit

volume V

N =

∫ 1

0

N(gi) · dgi (4.7)

with N(gi) · dgi being the relative number of obstacles per unit volume V having

a specific inherent activation energy gi. Then the normalized obstacle distribution

function ϕ(gi) dgi reads

ϕ(gi)dgi =
N(gi)

N
· dgi ⇒

∫ 1

0

ϕ(gi) · dgi = 1. (4.8)

Under a uni-axial stress σ, the total effective number Nσ of obstacles is smaller than

N and it reads as a function of the specific net activation energy ∆gi

Nσ =

∫ σe−σ
σe

0

Nσ(∆gi) · d(∆gi) < N with Nσ(∆gi) = N(gi) (4.9)

Then the normalized effective obstacle distribution function ϕσ(∆gi) · d(∆gi) reads

ϕσ(∆gi) · d(∆gi) =
Nσ(∆gi) · d(∆gi)

Nσ

⇒
∫ σe−σ

σe

0

ϕσ(∆gi) · d(∆gi) = 1

(4.10)

For the sake of comparability between both approaches to be considered, here it is

assumed that (i) the obstacles are distributed homogeneously between the limits of

specific activation energy gi, i.e. 0 and 1, and (ii) the obstacles have a uniform activa-

tion volume νi = νe leading to

ϕσ =
σe

σe − σ
and Nσ = N · σe − σ

σe

. (4.11)

4.2 The Strain Rate Equation

Irrespective of the nature of the specific LTC model or theory, a function q(∆gi, t)

specifies the specific number P a
i (t) of pairs per unit volume V of a mobile dislocation

element and an obstacle of the specific net activation energy ∆gi, which have been

previously activated, whereby

P a
i (t) = P a(∆gi, t) = P · q(∆gi, t) (4.12)
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This specific number P a(t) of pairs as well as the density ρam of previously activated

mobile dislocations then read

P a(t) = P · q(t) and ρam(t) = ρm · q(t) (4.13)

with the time dependent probability function q(t) for the activation of pairs

q(t) =

∫ σe−σ
σe

0

q(∆gi, t) · ϕσ(∆gi) · d(∆gi) (4.14)

For the sake of simplicity, it is assumed that mobile dislocation elements only inter-

act with punctiform obstacles and explicitly not with other linear mobile dislocation

elements. After its activation, a dislocation element is able to move for an average,

effective distance ∆Lσ before it is getting arrested by the next obstacle (s. Figure 4.1).

This average, effective distance ∆Lσ is given by

∆Lσ =
∆L

Nσ · V
(4.15)

with ∆L being the average length of the distance between each two pairs in adjacent

unit cells, that is projected into the active glide plane. The LTC strain εcr of a spec-

imen, which results from the activation of pairs and the motion of mobile dislocation

elements, is defined by an Orowan-type equation

εcr(σ, t) = M · b ·∆Lσ · ρam(t) =
M · b ·∆L

Nσ · V
· ρam(t) (4.16)

where M denotes the Taylor factor and b is Burgers vetor. The strain rate ε̇cr of LTC

finally becomes

ε̇cr(σ, t) =
M · b ·∆L

Nσ · V
· ρ̇am(t) (4.17)

with

ρ̇am(t) = ρm · q̇(t) (4.18)

4.3 The Thermal Activation of Pairs

In a state of thermodynamic equilibrium, only a small fraction φ(∆gi) of dislocation

elements is able to surmount an obstacle of magnitude ∆gi by thermal activation

according to the Maxwell-Boltzmann statistics, i.e.

φ(∆gi) = exp

(
−Ge ·∆gi

k · T

)
. (4.19)
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In a more elementary description, a dislocation element makes its attempts to sur-

mount the obstacle at a vibration frequency f0. Then the frequency fw with which a

dislocation element is surmounting an obstacle becomes

fw = t−1
w = f0 · φ(∆gi) = f0 · exp

(
−Ge ·∆gi

k · T

)
(4.20)

with the average waiting time tw of dislocation in front of the obstacle.

4.4 Modified Strain Hardening Theory

According to Kassner [23], the probability q(∆gi, t) of the activation of a pair, i.e. a

dislocation element surmounting one obstacle, is defined by the product of time t and

a frequency fw

q(∆gi, t) = fw · t with fw = f0 · exp
(
−Ge ·∆gi

k · T

)
(4.21)

with f0 being a vibration frequency of a dislocation element that attempts to sur-

mount an obstacle. The hypothesis implies that the effective specific net activation

energy ∆geff,i gets increased during LTC by internal opposing stress σG that is pro-

portional to the LTC strain εcr. Hence, the specific net activation energy ∆gi becomes

an effective specific net activation energy ∆geff,i

∆geff,i = ∆gi +
νe · σG

Ge

= ∆gi +
νe · h
Ge

· εcr (4.22)

with h being the strain-hardening coefficient. The rate q̇(t) of activation becomes

q̇(t) = ϕσ · f0 ·
k · T
Ge

·
[
1− exp

(
− Ge

k · T
· σe − σ

σe

)]
· exp

(
−νe · h · εcr

k · T

)
. (4.23)

leading to a differential equation describing LTC like

ln ε̇cr = δS − 1

αS
· εcr (4.24)

where the pair of creep parameters αS and δS are

αS =
k · T
h · νe

and δS = ln
(
αS · βS

)
(4.25)

with

βS =
D

αS
· T · σe

(σe − σ)2
·
[
1− exp

(
− Ge

k · T
· σe − σ

σe

)]
(4.26)
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with D being a material constant. With the initial value condition εcr|t=0 = 0, the

LTC strain εcr according to modified SHT leads to a logarithmic creep law

εcr = αS ·
(
βS · t+ 1

)
. (4.27)

4.5 Reworked Exhaustion Creep Model

The concept of an ECM was proposed by Mott and Nabarro [83;84] in terms of a net

activation stresses ∆σi of the obstacles that is here reworked according to Eq. (4.3) to

a model based on the specific net activation energy ∆gi. According to them, a material

contains a total specific number Nσ (∆gi) of obstacles per unit volume having a specific

net activation energy ∆gi that can be surmounted only once by a dislocation element.

However, the author considered here temperature T dependent multiple activations

n(T ) of a dislocation element prior to getting exhausted. Furthermore, a homogeneous

distribution N(gi) = N of obstacles having inherent activation energies in a range

0 < gi < 1 is considered [83]. According to Nabarro [83;84], Smith [85], and Welch [88], the

probability function p (∆gi, t) of the survival of one pair per unit volume V for a time t

without activation reads

p (∆gi, t) = exp

[
−f0 · exp

(
−Ge ·∆gi

k · T

)
· t
]
. (4.28)

The rate of activation q̇(t) then becomes

q̇(t) = −ϕσ ·
∫ σe−σ

σe

0

ṗ (∆gi, t) · d (∆gi) (4.29)

and the LTC strain rate ε̇cr becomes with Eq. (4.14) and Eq. (4.17)

ε̇cr = −M · b ·∆L · ϕσ

Nσ · V
· ρm ·

∫ σe−σ
σe

0

ṗ (∆gi, t) · d (∆gi) . (4.30)

Further simplification led to the LTC strain rate ε̇cr becomes

ε̇cr =
αE

t
· [exp (−f ∗

1 · t)− exp (−f ∗
0 · t)] (4.31)

With the initial value condition εcr|t=0 = 0, the LTC strain εcr(t) according to the

reworked ECM exhibits a non-logarithmic creep behavior shown as

εcr(t) = αE ·
[
ln

(
f ∗
0

f ∗
1

)
+ E1 (f

∗
0 · t)− E1 (f

∗
1 · t)

]
(4.32)
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with E1(x) being an exponential integral function [91] and

αE(σ, T ) = C · σe

(σe − σ)2
· T · n(T ) (4.33)

f ∗
0 (T ) =

f0
n(T )

, and f ∗
1 (σ, T ) = f ∗

0 (T ) · exp
[
−νe · (σe − σ)

k · T

]
(4.34)

n(T ) =
f0

f ∗
0 (T )

, and
f ∗
1 (σ, T )

f ∗
0 (T )

= exp

[
−νe · (σe − σ)

k · T

]
(4.35)

with C being a materials constant, νe being the mean activation volume of the here-

considered obstacles, and k being the Boltzmann constant. The creep parameters αE,

f ∗
0 , and f ∗

1 are functions of stress σ and temperature T with f0 being a frequency with

which the dislocation attempts to overcome an obstacle.
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Chapter 5

Material, Heat Treatment, and

Methods

5.1 Material

SAE 9254 (s. Table 5.1) wire rods of 12 mm diameter are supplied in hot rolled

condition by JSW Steel Ltd. Salem Works, India, and Saarstahl AG, Germany. The

UTS and YS σe of as-received wire rods are determined by the University of Hyderabad

as 927MPa and 474MPa, respectively, which can be attributed to the microstructure

containing softer phases, i.e. pearlite and ferrite [41]. The hot rolled wire rods are IQT

processed (refer to section 5.2.1) to achieve the desired mechanical properties according

to the industrial requirements. Martempering heat treatment (refer to section 5.2.2)

is also adopted to tailor the microstructure to conveniently validate the proposed

hypothesis of LTC rate-controlling mechanisms in SAE 9254.

Table 5.1: Chemical composition of SAE 9254 (in wt.%) provided by the material
suppliers

C Si Mn Cr Fe

0.53 1.32 0.69 0.71 Bal.

5.2 Heat Treatment

The superior mechanical properties of MSS are achieved through the QT process, and

the microstructure evolution during the QT process is described in section 2.2. In

industrial practice, the QT process is performed by means of either inductive treat-

ment [2] and/or conventional furnace treatment [31] or a combination of both.
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5.2.1 Inductively Quenching and Tempering

In the current research, the SAE 9254 hot rolled wire rods supplied by Saarstahl AG,

Germany, are IQT processed at Mubea Fahrwerksfedern GmbH, Weißensee, Germany.

Figure 5.1 shows the schematic representation of the IQT process adopted in indus-

trial practice. The steel wire rod, pulled from a wire coil by means of feeding rolls, is

passed through a pinch of rolls to get the straightened configuration. Subsequently,

the wire rod is fed to the induction heating coil to get austenitized at 1223 K followed

by quenching to ambient temperature T . Here, water spray maintained at room tem-

perature T was used as a quenching media. Thereupon, the quenched wire rods once

again passed through the induction heating coil for tempering at 723 K followed by

cooling to ambient temperature T by means of water spray.

Figure 5.1: Schematic representation of the IQT process adopted in industrial prac-
tice [8]

5.2.2 Martempering

The Martempering technology [90] is considered to increase the volume fraction of

γ phase in the very same SAE 9254 steel grade. The time-temperature-transformation

(TTT) diagram for the considered steel grade has been generated with the aid of

JMatPro® software to assess the martensitic start (Ms) and finish (Mf ) temperatures

(s. Figure 5.2(a)). Subsequently, the hot rolled wire rods supplied by JSW Steel Ltd.

Salem Works, India, are martempered in three separate batches at the University of

Hyderabad, India, as shown in Figure 5.2(b). A muffle furnace Nabertherm L3/12

was used to austenize the samples at 1183 K for 1200 s followed by quenching in an

oil bath maintained at 523 K for 60 s, which is slightly below the Ms temperature.

Thereupon, these samples were air-cooled to the ambient temperature T . In the sec-

ond stage of heating, the samples were heated to 583 K for 1500 s followed by oil

quenching to the ambient temperature T .
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(a) (b)

Figure 5.2: (a) TTT diagram of SAE 9254 generated by JMatPro® software,
(b) Schematic representation of the martempering heat treatment

5.3 Fabrication of the Specimens

Specimens for tensile and LTC testings were fabricated from both the IQT and martem-

pered SAE 9254 wire rods along the rolling direction with a gauge length l∗ = 25 mm

and gauge diameter d = 4 mm as shown in Figure 5.3. The specimens were fabricated

by means of lathe machine cutting maintained the depth of cut as 0.1 mm increments

at 2000 rpm. The entire fabrication of specimens was processed under cooling to avoid

the unwanted microstructural changes in the specimens caused by heat input in the

processing zone. The specimen geometry was designed for accurate measurements

of small-scale LTC strain. The considered conical head avoids slipping the specimen

while testing.

Figure 5.3: Tensile and LTC specimen dimensions in mm
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5.4 Analysis and Testing Methods

5.4.1 Tensile Test

The tensile tests were performed by means of the universal testing system Shimadzu

AG-X equipped with a 100 kN load cell. The system is used in combination with

a thermostatic chamber (s. Figure 5.4(a)). Strain measurements were realized by

using the high-resolution digital image correlation (DIC) system Limess Q400 with

two cameras for 3D-evaluation of each specimen’s surface (s. Figure 5.4(b)). A DIC

speckle pattern was applied by priming the specimen’s surface with a special heat-

resistant black paint. Subsequently, white paint in the form of randomly distributed

dots was applied. Pictures for correlation were taken time-triggered every 0.5 s during

tensile testing.

(a) (b)

Figure 5.4: (a) Specimen clamped inside, (b) DIC setup outside, of the thermostatic
chamber

The UTS and YS σe of IQT and martempered SAE 9254 were determined in the

temperatures 298 K ≤ T ≤ 353 K at a constant strain rate of 2.5 · 10−4 s−1. Three

specimens were tested at each condition, respectively. Figure 5.5 shows an example

of a stress-strain curve of SAE 9254. The mechanical properties, i.e. UTS, YS σe,

and RoA are determined according to their definitions [14]. Figure 5.5 inset shows the

determination of 0.2% offset YS σe from the stress-strain curve.
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Figure 5.5: Stress-strain diagram of SAE 9254 steel; Inset: Determination of 0.2%
offset YS σe

5.4.2 Low Temperature Creep Test

The same specimen geometry and test setup (s. Figure 5.3 and Figure 5.4) are consid-

ered to study the stress σ and temperature T dependence of LTC in SAE 9254. Pictures

for correlation were taken time-triggered every 5 s for LTC tests. LTC strain εcr(t) was

measured by using the evaluation software Istra 4D, which allows applying a virtual

gauge line element on the specimen in longitudinal or test load direction.

LTC deformation behavior of both IQT SAE 9254 and martempered SAE 9254 are

studied in the temperatures 298 K ≤ T ≤ 353 K for a duration of 1 hr at each con-

dition. The stress σ for LTC testing must be less than the YS σe of the material, i.e.

σ < σe. Hence, the stress σ dependent LTC behavior of IQT SAE 9254 was studied in

the stresses 1071 MPa ≤ σ ≤ 1634 MPa, whereas the stress σ dependent LTC behav-

ior of martempered SAE 9254 was studied in the stresses 421 MPa ≤ σ ≤ 632 MPa.

Three specimens were tested at each condition. The loading process during the LTC

test happens at a constant rate of 500 N/s until achieving the required creep load σ,

then remains constant. Figure 1.1(a) shows the schematic representation of the loading

process in LTC testing.
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5.4.3 Determination of Prior Austenite Grain size

For PAG size determination, the samples are sectioned from the IQT and martempered

SAE 9254 wire rods. Subsequently, the samples were ground with silicon carbide

abrasive papers of grit size up to 1200, then polished with diamond paste having

particle sizes 6, 3, and 1 µm. The PAG boundaries in IQT steel are revealed by etching

the freshly polished surface with Bechet-Beaujard etchant for 25 − 30 min at ambient

conditions. The PAG boundaries in martempered steel are revealed by etching the

freshly polished surface with 3% Nital for 120 s at ambient conditions. The average

PAG size was determined by an ASTM standard linear intercept method [92].

5.4.4 Phase Analysis by X-ray Diffraction

The volume fraction of γ phase and dislocation densities are quantified by means of

XRD. The samples for XRD prior to LTC are sectioned from the IQT and martempered

wire rods, whereas the samples for XRD post LTC are sectioned from the middle of

the gauge sections of LTC specimens. Subsequently, the samples were ground with

silicon carbide abrasive papers of grit size up to 1200, then polished with the diamond

paste of up to 1 µm.

An empyrean Panalytical X-ray diffractometer operated at 40 kV and 30 mA with

Cr − Kα monochromatic source and V kβ filter having 0.02 thickness was used to

record the pattern in 64◦ ≤ 2θ ≤ 162◦ in a continuous scanning mode with a step size of

0.039◦. The instrumental broadening was corrected using standard LaB6 sample [93].

The phase identification and crystal structure determination of the recorded XRD

patterns is carried out according to the procedure given by B. D. Cullity [94]. Figure 5.6

shows an example of the XRD pattern of SAE 9254 steel grade. The {110}, {200},
{211} peaks and {111}, {200}, {220} peaks of the α′ phase and γ phase are indexed,

respectively. The changes in dislocation density, as well as in volume fraction of the

γ phase due to LTC deformation are determined by considering the full width at half

maximum (FWHM) and area under XRD peaks prior to and post LTC, respectively.

The FWHM and area under XRD peaks belonging to both α′ and γ phases were

determined by fitting the peaks with a Voigt function (s. Figure 5.6 inset) using

the Peak Analyzer toolbox of Origin 9.0 as described in Ref. [95–97]. Thereupon, the

dislocation densities in α′ and γ phases were determined according to the modified

Williamson-Hall method [98] described in section 5.5.1. The volume fraction of γ phase

prior to and post LTC deformation was determined according to the SAE 453 [99]

method described in section 5.5.2.
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Figure 5.6: XRD pattern of SAE 9254 steel; Inset: Voigt fitting of γ {200} peak to
determine the FWHM and area under the peak

5.4.5 Phase Distribution Mapping by EBSD

The specimens for EBSD measurements prior to and post LTC deformation are sec-

tioned from the IQT and martempered wire rods and from the middle of the gauge

section of LTC specimens, respectively. These specimens are polished up to 1 µm

diamond paste followed by vibration polishing for 4.5 hr with 0.05 µm OPS solution

on BUEHLER vibromet 2 equipment. A Helios NanoLab 600 scanning electron mi-

croscope (SEM) equipped with an Oxford detector operated at 15 kV and 11 nA was

used for data acquisition. A working distance of 10 mm and a step size of 70− 90 nm

were maintained to record the inverse pole figure (IPF), and respective phase map of

the selected areas.

5.5 Analytical Calculation Methods

5.5.1 Determination of Dislocation Density

The dislocation densities in α′ and γ phases were determined according to the modified

Williamson-Hall method [98] with

∆K ∼=
0.9

D
+ b ·M⊥ ·

√
ρ · π

2
·
(
K · C

1
2

)
(5.1)
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with ∆K = (2·cosθ·∆θ)/λ and K = (2·sinθ)/λ. Here, ∆θ is the corrected FWHM, D is the

crystallite size, b is the Burgers vector, M⊥ is the dislocation distribution factor, ρ is

the dislocation density, θ is the peak position, λ is the wavelength of X-ray source,

and C is the average dislocation contrast factor for a specific peak.

The elastic constants of α′ and γ phases required for the analysis are taken from

Ref. [100] and Ref. [101], respectively. As reported by Sastäk et al. [102], the large fraction

of dislocations have a rather screw character than an edge character in α′ phase. The

present analysis is restricted to determining the screw dislocation densities in both α′

and γ phases by considering the respective C parameters from Ref. [98]. The constant

M⊥ is considered to be 1.7 [95].

Figure 5.7 shows an example of determining the dislocation density specific to

α′ and γ phases in SAE 9254 steel. According to the Eq. (5.1), the slope of the

linear relation between ∆K and K · C
1/2

delivers dislocation density in the specific

phase (s. Figure 5.7). The Burgers vector a
2
[111] and a

2
[110] are considered for the

determination of dislocation density in α′ and γ phases, respectively.

(a) (b)

Figure 5.7: ∆K-K · C
1/2

plots of (a) α′ phase, (b) γ phase in SAE 9254 steel

5.5.2 Quantification of Retained Austenite

ASTM E975-13 [103] and SAE 453 [99] are the standard methods available to determine

the volume fraction of γ phase in steels. However, the ASTM E975-13 method should

apply to the steels with no texture, whereas SAE 453 is applicable to steels with

no/low to severe texture cases. In the present studies, SAE 453 method is considered

to determine the volume fraction of γ phase in SAE 9254 steel. According to SAE 453

method, the peaks {200}, {220} of γ phase and {200} peak of α′ phase should consider

to determine the volume fraction of γ phase provided Cr − Kα is the XRD source.
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The area under the peaks {200}, {220} of γ phase, and {200} peak of α′ phase, i.e.

I200γ , I220γ , and I200α′ , are measured by fitting the specific peak with a Voigt function as

described in section 5.4.4.

The basic equations to determine the volume fraction of γ phase depend on the de-

gree of texture in the steel. A method for texture determination according to SAE 453

is described in Appendix A. The steel is considered to have no/low, medium, and se-

vere textures if the percentage of deviation (%D) is < 20%, 20− 200%, and > 200%,

respectively. It is observed that the considered SAE 9254 steel in the present studies

contains either low or medium textures. Thus, the volume fraction of γ phase for

specimens with low texture (Eq. (5.2)) and medium texture (Eq. (5.3)) are

%γ =
I200γ /R200

γ(
I200γ /R200

γ + I200
α′ /R200

α′

) · 100 (5.2)

%γ =
1[

1 + RT ·
(

I200
α′

I200γ +I220γ

)] · 100 (5.3)

with I200γ , I220γ , and I200α′ being the experimentally measured area under the respective

peaks, and R200
γ , R220

γ , R200
α′ being the theoretically determined area under the respec-

tive peaks. The R-values of the respective peaks depend on the composition of the

steel grade. Hence, the R-values for SAE 9254 steel grade are calculated as described

in Ref. [99] and given in Table A.1. The data set required for the determination of

R-values has been taken from the Refs. [94;104]. The RT in Eq. (5.3) is defined as

RT =

(
R200

γ +R220
γ

)
R200

α′
, (5.4)

which is determined as 4.08 for SAE 9254 composition.

5.5.3 Kernel Average Misorientation Analysis

The IPF maps recorded by SEM-EBSD are used to generate the KAM maps with the

aid of an automated OIM Analysis software with a maximum misorientation of 5◦ by

considering the first neighbor as the nearest neighbor.

Besides, the Schmid factor mapping of the scanned area specific to the γ phase is

generated for the slip system (111)[110] with a critical resolved shear stress (CRSS)

of 0.2 MPa using the same automated OIM Analysis software. A uni-axial tensile

loading direction of [100] is considered.
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5.6 Basic Material Properties

5.6.1 Mechanical Properties of IQT SAE 9254

The IQT SAE 9254 steel has a UTS and YS σe of 2022 MPa and 1820 MPa at

298 K, respectively. The UTS and YS σe decreases with increasing temperature T

up to 353 K slightly, whereas the RoA increases with increase in temperature T (s.

Figure 5.8(a-c)).

(a) (b)

(c)

Figure 5.8: Temperature dependence of (a) UTS, (b) YS, and (c) RoA of IQT SAE
9254; the average values along with standard deviation are given in each diagram,
respectively
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5.6.2 Mechanical Properties of Martempered SAE 9254

The martempered SAE 9254 has a UTS = 1112 MPa and σe = 685 MPa at 298 K.

UTS slightly decreases with a raise in temperature T , whereas YS σe and RoA remain

constant as shown in Figure 5.9(a-c).

(a) (b)

(c)

Figure 5.9: Temperature dependence of (a) UTS, (b) YS, and (c) RoA of martempered
SAE 9254; the average values along with standard deviation are given in each diagram,
respectively

5.6.3 Prior Austenite Grain Size

The adopted IQT heat treatment yields a fine grain microstructure with PAG size

of 11 ± 2 µm (s. Figure 5.10(a)). The multiphase nature of the martempered SAE

9254 gets disclosed by means of metallography. Figure 5.10(b) shows the presence of

metastable γ phase in α′ matrix of the martempered SAE 9254. The PAG boundaries

are highlighted in yellow dotted lines.
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(a) (b)

Figure 5.10: (a) Back-scattered electron (BSE) micrograph illustrating the PAG
boundaries in IQT SAE 9254, (b) Secondary electron (SE) micrograph illustrating
the PAG boundaries in martempered SAE 9254

5.6.4 Retained Austenite Distribution Mapping

EBSD studies on IQT SAE 9254 revealed that the γ phase (red) distributed in the

α′ matrix (white) in the form of nano-islands (s. Figure 5.11(a)). The phase map

Figure 5.11(b) is disclosing the distribution of γ phase (red) in the α′ matrix (white)

of martempered SAE 9254. As shown by two insets, the γ phase exists in blocky (γB)

and filmy (γF ) morphologies. Furthermore, the blocky γB phase is predominant in the

vicinity of PAG boundaries (e.g. triple points), and packet boundaries of α′ phase,

whereas the filmy γF phase is located along the α′ lath boundaries. These results are

in good agreement with the findings of Sastry et al. [57].

(a) (b)

Figure 5.11: EBSD phase map of (a) IQT SAE 9254, (b) martempered SAE 9254,
showing the γ phase (red) distribution in α′ matrix (white); Inset: blocky (γB) and
filmy (γF ) morphologies of the γ phase
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Chapter 6

A Validation of the

LTC Mechanism-Based Models

The purpose of this chapter is to verify both the modified SHT and the reworked

ECM (refer to Chapter 4) in a two-stage process at the example of IQT SAE 9254

as described in section 3.2. At this stage, the unqualified model shall be ruled out

for further validation process. The magnitude of the derived activation volume νe and

YS σe from the second stage fitting of creep parameters are supported in the validation

process of the reworked ECM. Eventually, an experimental-based hypothesis of LTC

rate-controlling mechanisms in SAE 9254 is proposed based on the microstructural

changes observed by means of XRD.

6.1 LTC Behavior of IQT SAE 9254

A set of three specimens, denoted as S1, S2, and S3, was tested in the temperatures

298 K ≤ T ≤ 353 K, and the stresses 1071 MPa ≤ σ ≤ 1634 MPa, respectively. It

is observed that the LTC strain of IQT SAE 9254 was reproducible for every two

specimens. However, there is a deviation in LTC strain data of the third specimen for

each temperature T (s. Annexure B.1 and Annexure B.2). In the current studies, the

reproducible data set is considered to verify and validate the modified SHT and re-

worked ECM. Owing to the reproducibility, the results related to one of the specimens

at each test condition are presented here in the following sections.

6.2 A Verification of Modified SHT

The LTC strain εcr data are presented in Figure 6.1(a) and Figure 6.1(b) at reg-

ular intervals of 200 s each by individual symbols for the considered stress σ and

temperature T levels, respectively. Figure 6.1(a) shows experimentally measured LTC
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strain εcr at stresses 1071MPa ≤ σ ≤ 1634MPa at a constant temperature T = 353 K,

and Figure 6.1(b) shows experimentally measured LTC strain εcr at temperatures

298 K ≤ T ≤ 353 K at a constant stress σ = 1634 MPa. It is evident that the LTC

strain εcr increases with increasing stress σ and temperature T at a given time t. The

experimental data, which have been fitted according to the modified SHT creep law

(Eq. (4.27)), are represented by solid lines in Figure 6.1. The modified SHT creep law

fits well with all the experimental LTC strain εcr data with a coefficient of determi-

nation of R2 ≥ 0.94. The derived creep parameters αS, βS, and exp(δS) = αS · βS by

the best fitting of the experimental data are shown in Table 6.1.

(a) (b)

Figure 6.1: Modified SHT fitting of (a) Stress dependent LTC strain at constant
temperature T = 353 K, (b) Temperature dependent LTC strain at constant stress
σ = 1634 MPa

Table 6.1: The creep parameters αS, βS, and exp(δS) by best SHT fitting of LTC data
of IQT SAE 9254

Stress
[MPa]

Temperature
[K]

αS

(·10−4)[−]
βS

(·10−3)[s−1]
exp(δS)

(·10−7)[s−1]
R2

1634 298 0.41 574.64 235.60 0.97
1634 323 1.47 7.78 11.39 0.97
1634 353 3.86 2.61 10.09 0.97
1428 353 1.84 11.59 21.39 0.94
1071 353 0.75 5.31 3.98 0.94

In a subsequent step, the creep parameters αS, exp(δS) are fitted with respect to the

stress σ and temperature T simultaneously according to Eqs. (4.25). Figure 6.2(a, b)

shows the stress σ dependence of the creep parameter αS
T at a constant temperature

T = 353 K, and the temperature T dependence of the creep parameter αS
σ at a con-

stant stress σ = 1634 MPa, respectively. The derived creep parameter αS increases
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with increasing stress σ and temperature T . However, the modified SHT conceives

the creep parameter αS
T as an independent of stress σ (s. Eq. (4.25)). Furthermore,

the temperature T dependence of the creep parameter αS
σ is poorly described by the

modified SHT with a coefficient of determination R2 = 0.70 (s. Figure 6.2(b)).

(a) (b)

Figure 6.2: (a) Stress dependence of creep parameter αS
T at a constant temperature

T = 353 K, (b) Temperature dependence of creep parameter αS
σ at constant stress

σ = 1634 MPa

Figure 6.3(a, b) shows the stress σ dependence of creep parameter exp(δST ) at a con-

stant temperature T = 353 K, and the temperature T dependence of creep parameter

exp(δSσ ) at a constant stress σ = 1634 MPa, respectively. It is evident that the modi-

fied SHT is incapable of describing the stress σ and temperature T dependence of the

creep parameter exp(δS) with a poor coefficient of determination R2 = 0.08.

(a) (b)

Figure 6.3: (a) Stress dependence of creep parameter exp(δST ) at a constant tempera-
ture T = 353 K, (b) Temperature dependence of creep parameter exp(δSσ ) at constant
stress σ = 1634 MPa

In summary, the modified SHT fits well with the stress and temperature dependent
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LTC strain of IQT SAE 9254 in the temperatures 298 K ≤ T ≤ 353 K and the stresses

1071 MPa ≤ σ ≤ 1634 MPa. However, it is incapable of describing the stress

and temperature dependence of the creep parameters αS and exp(δS). Hence, the

unqualified modified SHT is excluded for further validation.

6.3 A Verification and Validation of Reworked ECM

The very same stress σ and temperature T dependent LTC strain εcr data of IQT

SAE 9254 presented in the above section is considered to verify the reworked ECM.

The experimental data, which have been fitted according to the reworked ECM creep

law (s. Eq. (4.32)), are represented by solid lines in Figure 6.4. The reworked ECM

(a) (b)

Figure 6.4: Reworked ECM fitting of (a) Stress dependent LTC strain at constant
temperature T = 353 K, (b) Temperature dependent LTC strain at constant stress
σ = 1634 MPa

creep law fits well with all the experimental LTC strain εcr data with a coefficient of

determination of R2 ≥ 0.92. The derived creep parameters αE, f ∗
0 , and f ∗

1 by best

ECM fitting of the experimental data are shown in Table 6.2.

Table 6.2: The creep parameters αE, f ∗
0 , and f ∗

1 by best ECM fitting of experimental
LTC data of IQT SAE 9254.

Stress
[MPa]

Temperature
[K]

αE

(·10−4)[−]
f ∗
0

(·10−3)[s−1]
f ∗
1

(·10−13)[s−1]
R2

1634 298 0.43 288.13 0.084 0.97
1634 323 1.40 5.41 1.06 0.97
1634 353 3.38 2.29 14.09 0.96
1428 353 1.82 6.69 1.77 0.92
1071 353 0.70 3.88 2.43 0.93
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In a subsequent step, the creep parameters αE, f ∗
0 , and f ∗

1 are fitted with respect

to stress σ and temperature T simultaneously according to Eq. (4.33) and Eq. (4.35).

To shed light on the relative number n(T )/n(T=T0) of multiple activations of dislocation

during LTC deformation, it is determined here by considering the fitting parameter

f ∗
0 (T ) at 298 K ≤ T ≤ 353 K and constant stress σ = 1634 MPa. With Eq. (4.35),

the relative number n(T )/n(T=T0) of activation reads

n(T )

n(T = T0)
=

f ∗
0 (T = T0)

f ∗
0 (T )

. (6.1)

Figure 6.5 shows that it increases linearly with temperature T . The best fitting to a

linear function
n(T )

n(T = T0)
≈ Φ(T ) = a · (T − T0) + 1 (6.2)

delivers parameters a = 2.274 K−1 and T0 = 298 K with a coefficient of determination

of R2 = 0.99.

Figure 6.5: Temperature dependence of n(T )/n(T=T0) at constant stress σ = 1634 MPa

Subsequently, the creep parameters αE and f∗
1/f∗

0 have been fitted with respect to the

stress σ and temperature T simultaneously in 3-dimensional according to Eq. (4.33)

and Eq. (4.35). For convenience, these fits are shown here in 2-dimensional plots (s.

Figure 6.6 and Figure 6.7). Figure 6.6(a, b) shows the stress σ dependence of the

creep parameter αE
T at a constant temperature T = 353 K, and the temperature T

dependence of the creep parameter αE
σ at a constant stress σ = 1634 MPa, respec-

tively. The creep parameter αE increases with increasing stress σ and temperature T .

It is well described by Eq. (4.33) according to the reworked ECM with a coefficient

of determination of R2 = 0.96 (s. Figure 6.6). The fitting parameters C, σe are

determined as 0.9842 Pa and 2160 MPa, respectively. Figure 6.7(a, b) shows the

stress σ dependence of creep parameter f∗
1/f∗

0 |T at a constant temperature T = 353 K,

and the temperature T dependence of creep parameter f∗
1/f∗

0 |σ at a constant stress
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(a) (b)

Figure 6.6: (a) Stress dependence of creep parameter αE
T at constant temperature

T = 353 K, (b) Temperature dependence of creep parameter αE
σ at constant stress

σ = 1634 MPa

σ = 1634 MPa, respectively. The stress σ and temperature T dependence of creep

parameter f∗
1/f∗

0 is well described by Eq. (4.35) according to the reworked ECM with

a coefficient of determination of R2 = 0.97. The fitting parameter νe is determined as

1.96 · 10−28 m3.

(a) (b)

Figure 6.7: (a) Stress dependence of the creep parameter f∗
1/f∗

0 |T at constant tem-
perature T = 353 K, (b) Temperature dependence of the creep parameter f∗

1/f∗
0 |σ at

constant stress σ = 1634 MPa

Figure 6.8 shows the average content of γ phase in IQT steel rods prior to and post

LTC testing performed within 298 K ≤ T ≤ 353 K at constant stress σ = 1634 MPa.

The γ phase content in the IQT rod is 8.9% which is considered as a reference, whereas

the volume fraction of γ phase in the deformed LTC specimens is about 7.6% irrespec-

tive of the test temperature T .
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Figure 6.8: The volume fraction of γ phase prior to and post LTC testing performed
at 298 K ≤ T ≤ 353 K and constant stress σ = 1634 MPa

In a nutshell, the modified SHT is unqualified to describe the LTC behavior of

IQT SAE 9254 owing to its inability of describing the stress σ and temperature T

dependence of the creep parameters αS, exp(δS). The reworked ECM fits well to the

stress σ and temperature T dependence of LTC strain εcr, and the creep parame-

ters αE, f∗
1/f∗

0 . Consequently, the reworked ECM describes the LTC behavior of the

investigated IQT SAE 9254. Furthermore, the value of σe is determined by fitting

the creep parameter αE with respect to stress σ and temperature T as 2160 MPa,

which is in the expected range of YS σe of the investigated IQT SAE 9254. The mean

activation volume νe in Eq. (4.35) is determined by fitting the creep parameter f∗
1/f∗

0

with respect to stress σ and temperature T as 1.96 ·10−28 m3. It indicates overcoming

the Peierls-Nabarro stress as the mechanism for dislocation motion, which is the base

for constructing the reworked ECM. Furthermore, the drop in the volume fraction

of γ phase determined by XRD is supported in constructing an experimental-based

hypothesis of LTC rate-controlling mechanisms in IQT SAE 9254 (refer to Chapter 7).
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Chapter 7

An Experimental-Based

Hypothesis of LTC Controlling

Mechanisms in SAE 9254

First and foremost, the ability of reworked ECM in describing the stress σ and tem-

perature T dependent LTC strain εcr of martempered SAE 9254 is verified. Once the

reworked ECM is successfully validated, the firm microstructural evidence is produced

with the aid of XRD and SEM-EBSD to propose and validate the LTC rate-controlling

mechanisms in SAE 9254.

7.1 LTC Behavior of Martempered SAE 9254

A set of three specimens, denoted as S1, S2, and S3, was tested in the temperatures

298 K ≤ T ≤ 353 K, and stresses 421 MPa ≤ σ ≤ 632 MPa combinations for a

duration of 1 hr at each condition, respectively. Unexpected deviations between the

measured LTC data of the three specimens at each given test condition were observed

(s. Annexure B.3 and Annexure B.4). It is assumed that the mixing of specimens

from the three separate batches of martempered wire rods is the root cause. Alfreds-

son et al. [26] reported that the deviations in small-scale LTC strain are caused by the

microstructural differences on a microscopic scale even though the very same heat

treatment procedure was adopted for all the batches. The LTC strain data were care-

fully smoothed and subsequently fitted to the reworked ECM creep law (Eq. (4.32)).

However, the S1 and S3 data performed at 421 MPa and 492 MPa at 353 K were

excluded for further analysis since these data do not resemble the LTC behavior. The

reworked ECM creep law fits well with the remaining experimental LTC strain data

with a coefficient of determination of R2 ≥ 0.91. The creep parameters αE, f ∗
0 , and

f ∗
1 are given in Table 7.1 to Table 7.3.
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Table 7.1: The fitted creep parameter αE of the experimental LTC data of martem-
pered SAE 9254

Stress
[MPa]

Temperature
[K]

αE (·10−5)[−]

S1 S2 S3

632 298 6.54 2.89 2.06
632 323 5.23 6.50 4.61
632 353 6.17 15.06 6.53
562 353 6.55 6.46 4.01
492 353 - 6.30 -
421 353 - 2.37 -

Table 7.2: The fitted creep parameter f ∗
0 of the experimental LTC data of martempered

SAE 9254

Stress
[MPa]

Temperature
[K]

f ∗
0 (·10−3)[s−1]

S1 S2 S3

632 298 72.27 513.16 403.91
632 323 381.02 31.18 257.12
632 353 30.00 7.60 26.22
562 353 13.40 26.36 265.59
492 353 - 2.41 -
421 353 - 8.77 -

Table 7.3: The fitted creep parameter f ∗
1 of the experimental LTC data of martempered

SAE 9254

Stress
[MPa]

Temperature
[K]

f ∗
1 (·10−14)[s−1]

S1 S2 S3

632 298 1.63 10.00 10.00
632 323 10.00 3.34 10.00
632 353 503.49 33.74 350.41
562 353 5.45 1.47 8.64
492 353 - 0.81 -
421 353 - 0.77 -

Due to the deviations between the LTC strain data of the three samples at each

test condition, the mean and extreme values of the creep parameter f ∗
0 are considered

(s. Table 7.4).

Table 7.5 shows the relative numbers n(T )/n(T=T0) of dislocation activation for tem-

peratures 298 K ≤ T ≤ 353 K at constant stress σ = 632 MPa corresponding to the

mean and extreme values of the creep parameter f ∗
0 , respectively.
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Table 7.4: The mean and extreme values of the creep parameter f ∗
0 are derived from

Table 7.2

Stress
[MPa]

Temperature
[K]

f ∗
0 (·10−3)[s−1]

mean max. min.

632 298 329.78 513.16 72.27
632 323 223.11 381.02 31.18
632 353 21.27 30.00 7.60

Table 7.5: The temperature dependence of mean and extreme relative numbers
n(T )/n(T=T0) dislocation activation of the experimental LTC data

Stress
[MPa]

Temperature
[K]

n(T )/n(T=T0) [-]

mean max. min.

632 298 1.0 1.0 1.0
632 323 1.5 1.3 2.3
632 353 15.5 17.1 9.5

As shown in Figure 7.1, it increases with temperature T . The best fitting to a linear

function
n(T )

n(T = T0)
≈ Φ(T ) = a · (T − T0) + 1 (7.1)

delivers parameters a = 0.2706 K−1 and T0 = 302.5 K with a coefficient of determi-

nation R2 = 0.82.

Figure 7.1: Temperature dependence of mean and extreme relative numbers n(T )/n(T=T0)

of the experimental LTC data at constant stress σ = 632 MPa

Despite the deviations between the LTC strain data, the reworked ECM still de-

scribes the fundamental trend in stress σ and temperature T of the creep parameters

n(T ), αE(σ, T ), f ∗
0 (T ), and f ∗

1 (T ) (s. Table 7.1 to Table 7.3) [28]. Thus, it is expected
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that the proposed hypothesis of the LTC contributing mechanism in IQT SAE 9254

(refer to Chapter 6) is still valid in the case of here considered martempered SAE 9254.

Consequently, LTC strain in martempered SAE 9254 is assumed to be contributed by

the localized slip in the γ phase. The reduction in LTC rate with time can then be

attributed to the exhaustion of this specific mechanism by phase transformation of the

γ phase [28].

7.2 Microstructural Characterization

7.2.1 A Quantification of Dislocation Density and Phase

Fraction of the Retained Austenite

Figure 7.2 shows the XRD patterns of prior to (reference) and post LTC deforma-

tion specimens for 298 K ≤ T ≤ 353 K at a constant stress σ = 632 MPa. The

{110}, {200}, {211} peaks and {111}, {200}, {220} peaks of the α′ phase and γ phase

are indexed, respectively. The changes in dislocation densities of α′ and γ phases of

Figure 7.2: XRD patterns of prior to (reference) and post LTC deformation specimens
for 298 K ≤ T ≤ 353 K at constant stress σ = 632 MPa

martempered SAE 9254 were determined according to the modified Williamson-Hall

method (refer to section 5.5.1), and presented in Figure 7.3(a). The α′ phase and γ

phase show only a minor reduction in dislocation density due to LTC deformation up

to 323 K (s. Figure 7.3(a)). Only the LTC sample at 353 K shows a considerable

reduction of dislocation density in the α′ phase and a moderate increase of disloca-

tion density in the γ phase. The volume fraction of γ phase, which is 31.2% in the

reference sample, gets reduced by LTC and it remains in the range of 24.8 − 26.1%

(s. Figure 7.3(b)).
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(a) (b)

Figure 7.3: (a) Dislocation density per phase, and (b) Volume fraction of γ phase prior
to and post LTC for 298 K ≤ T ≤ 353 K at constant stress σ = 632 MPa

7.2.2 KAM Analyses of Martempered SAE 9254

Figure 7.4 shows the KAMmapping prior to and post LTC deformation at temperature

T = 353 K and stress σ = 632 MPa. A major part of both maps is covered by areas

of α′ and γ phases having misorientations of 0 − 1◦. However, Figure 7.4(b) shows

(a) (b)

Figure 7.4: KAM mapping of martempered SAE 9254 (a) Prior to LTC, and (b) Post
LTC performed at 353 K and at constant stress σ = 632 MPa

more spots belonging to a higher misorientation of 4−5◦ caused by LTC deformation.

It reveals that the share of areas of α′ and γ phases showing misorientations of 4− 5◦

rose to 1.5% and 2.3%, respectively due to LTC deformation. The KAM analyses and

phase map of the same area (s. Figure 7.4(b)) specific to α′ and γ phases post LTC

performed at 353 K are shown in Figure 7.5(a, c) and Figure 7.5(b, d), respectively.
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The black areas of Figure 7.5 represent the respective other phase. For example, in

Figure 7.5(a, c) the γ phase areas become black while considering the KAM and phase

map specific to α′ phase. Although a major part is covered by areas of α′ and γ phases

having misorientations of 0−1◦, one can notice the significant microstructural changes

due to LTC deformation locally in the selected area (s. white box in Figure 7.5).

(a) (b)

(c) (d)

Figure 7.5: KAM analyses and phase map of the same area (s. Figure 7.4(b)) specific
to (a, c) α′ phase, (b, d) γ phase post LTC performed at 353 K, respectively; Note:
α′ phase (white) and γ phase (red) in Figure 7.5(c, d)

The KAM map of the selected area contains an aggregation of misorientations of 1−5◦

spread in both α′ and γ phases. For better visualization of the microstructural changes,

the selected area (s. white box in Figure 7.5) is shown with higher magnification

in Figure 7.6. The KAM map of the selected area (s. Figure 7.6(a)) contains an
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aggregation of misorientations of 1 − 5◦. The corresponding α′ and γ phase specific

KAMmaps (s. Figure 7.6(b, c)) disclose that the majority of spots with misorientation

of 1− 3◦ are made up by α′ phase. Within the γ phase, the spots with misorientation

of 4− 5◦ are more dominant.

(a) (b) (c)

Figure 7.6: KAM maps of the selected area marked with a white box in Figure 7.5
(a) Overall, (b) α′ phase specific, and (c) γ phase specific
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Chapter 8

Discussion

The LTC mechanism-based models, i.e. SHT and ECM, are developed (refer to

Chapter 4) by restricting the obstacles having activation stresses σi up to YS σe,

and introducing a reasonable stress σ dependent obstacle distribution function ϕσ

(s. Eq. (4.11)). The modified SHT related to a logarithmic creep law exhibits stress σ

dependence of LTC strain in terms of the creep parameter δS(σ, T ), however, the creep

parameter αS(T ) remains stress σ independent (s. Eqs. (4.25)). Unlike the modified

SHT, the reworked ECM follows a non-logarithmic creep law (s. Eq. (4.32)) as antic-

ipated by Cottrell [89]. The reworked ECM exhibits stress σ dependence of LTC strain

in terms of the creep parameters αE(σ, T ) and f ∗
1 (σ, T ) (s. Eq. (4.33) and Eq. (4.34)).

In Chapter 6, both the modified SHT and reworked ECM are experimentally ver-

ified at the example of IQT SAE 9254. The experimentally measured LTC strain εcr

in IQT SAE 9254 exhibits significant stress σ and temperature T dependence in the

temperatures 298 K ≤ T ≤ 353 K and the stresses 1071 MPa ≤ σ ≤ 1634 MPa.

The modified SHT fits well with the LTC strain εcr of IQT SAE 9254 at each above-

mentioned temperature T , and stress σ combinations, respectively (s. Figure 6.1).

However, it is incapable of describing the stress σ and temperature T dependence of

the creep parameters αS(T ) and δS(σ, T ) (s. Figure 6.2 and Figure 6.3). An LTC

mechanism-based model ought to describe the stress σ and temperature T depen-

dence of LTC strain, as well as the creep parameters correctly. Thus, the unqualified

modified SHT is excluded for further validation.

In contrast to that the reworked ECM is capable to describe the LTC strain εcr

in IQT SAE 9254, as well as the stress σ and temperature T dependence of the creep

parameters n(T ), αE(σ, T ), and f∗
1 (σ,T )/f∗

0 (T ), respectively (s. Figure 6.5 to Figure 6.7).

The value of σe is determined by fitting the creep parameter αE with respect to stress σ

and temperature T as 2160 MPa, which is in the expected range of YS σe of the in-

vestigated IQT SAE 9254. The mean activation volume νe in Eq. (4.35) is determined

by fitting the creep parameter f∗
1/f∗

0 with respect to stress σ and temperature T as

1.96 · 10−28 m3 that is equal to 12 · b3 with the Burgers vector b of the most favourable
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slip system in γ phase, i.e. (111)[110]. As reported by Conrad [105], the magnitude

of activation volume νe indicates overcoming the Peierls-Nabarro stress as the mech-

anism for dislocation motion, which is the base for constructing the reworked ECM.

It is proposed by strictly following the work of Neu et al. [25] and Alfredsson et al. [26]

that the LTC strain εcr in IQT SAE 9254 is contributed by slip localization within

γ phase.

It is evident from Figure 6.5 that the relative number n(T )/n(T=T0) of multiple ac-

tivations of dislocation before exhaustion increases with temperature T during LTC

deformation. The fitting parameter T0 in Eq. (6.2) is determined as 298 K. It in-

dicates that the dislocation activation ceases below ambient temperature, which is

plausible to consider. Figure 8.1 shows the normalized LTC rate ε̇cr(t)/ε̇cr(t=0)|σ as a

function of time t for three different temperatures T . The drop in normalized LTC

rate ε̇cr(t)/ε̇cr(t=0)|σ with time t might be attributed to the exhaustion of dislocation

glide within γ phase due to phase transformation of γ to α′ phase. It is evident from

Figure 8.1: Normalized LTC rate ε̇cr(t)/ε̇cr(t=0)|σ as a function of time, temperature for
LTC at 298 K ≤ T ≤ 353 K and at constant stress σ = 1634 MPa; Inset: Details are
shown for a short time interval, i.e. upto 200 s

Figure 6.8 that the fraction of γ phase dropped by 15% of its initial amount during

LTC deformation irrespective of the test temperature T , which might be due to the

occurrence of phase transformation locally in the deformed γ phase. Furthermore, the

drop in normalized LTC rate ε̇cr(t)/ε̇cr(t=0)|σ becomes sluggish at elevated temperatures.

As shown in Figure 8.1 inset, the LTC rate ε̇cr(t) dropped to 20% of its initial values

in less than 200 s at 298 K, whereas this time t is higher for 353 K. The relation

between ε̈cr(t) and n(T ) for the short time interval is derived from Eq. (4.33) and
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Eq. (4.34) as

ε̈cr(t) = −αE · f
2
0

2
· 1

n2(T )
. (8.1)

One can realize from Eq. (8.1) that the rate of drop in LTC rate ε̇cr(t) is in-

versely proportional to n2(T ). As shown in Figure 6.5, n(T ) increases linearly with

temperature T . Consequently, the rate of drop in ε̇cr(t) can be considered as inversely

proportional to T 2, which indicates that the rate of drop in ε̇cr(t) becomes sluggish at

elevated temperature T , for a given time t. This can be justified in terms of the sta-

bility of the γ phase (refer to section 2.2). Neu et al. [24] reported that the stability of

γ phase increases with temperature T . As the γ phase stability increases, there would

be high chances for multiple activations of dislocation within the γ phase prior to its

transformation into α′ phase. Based on these experimental results, the hypothesis of

the LTC mechanism implies that LTC strain εcr(t) in IQT SAE 9254 is contributed by

slip localization within γ phase, whereas reduction in LTC rate is controlled by phase

transformation, which might be occurring locally in the deformed γ phase.

However, it is challenging to validate the hypothesis at the example of IQT SAE

9254 that contains a rather low volume fraction of γ phase (8.9%) in the form of nano-

islands (s. Figure 5.11(a)). Consequently, the author feels increasing the γ phase

would be convenient to validate the proposed hypothesis of the LTC rate-controlling

mechanisms in SAE 9254. Hence, the martempering technology is considered to in-

crease the volume fraction of the γ phase in the very same SAE 9254 steel grade (refer

to section 5.2.2).

First and foremost, the ability of reworked ECM in describing the stress σ and

temperature T dependence of LTC strain εcr of martempered SAE 9254 is verified (refer

to Chapter 7). In spite of deviations observed in LTC strain data of martempered SAE

9254, the reworked ECM is capable to describe the fundamental trend in stress σ and

temperature T of the creep parameters n(T ), αE(σ, T ), f ∗
0 (T ), and f ∗

1 (T ) (s. Table 7.1

to Table 7.3) [28]. Thus, dislocation glide by overcoming the Peierls-Nabarro stress shall

be considered as one of the basic mechanisms of LTC in martempered SAE 9254.

However, martempered SAE 9254 is not a single-phase material. It contains a

significant amount of metastable γ phase in blocky γB and filmy γF morphologies dis-

tributed in the major α′ matrix (s. Figure 5.11(b)). The chemical and mechanical

stability of the γ phase in martensitic steels depends on several factors, e.g. compo-

sition, morphology, stress, temperature, strain, and strain rate [52]. It has been often

reported that the blocky γB phase has a lower carbon content than the filmy γF

phase. Consequently, the less stable γB phase transforms to martensite, whereas the

γF phase remains stable against phase transformation even after fracture [58]. How-

ever, the filmy γF phase is vulnerable to elevated temperatures and decomposes into

61



ferrite and carbides owing to its high carbon concentration [59]. The investigations of

Neu et al. [24;25;72], who considered carburized 4320 steel contains 35% of γ phase re-

vealed that SAMT occurs predominantly in the temperatures 295 K ≤ T ≤ 323 K

during monotonic and cyclic loading (s. Figure 2.4). Besides, they observed no SAMT

beyond 333 K. Figure 7.3(b) shows the changes in volume fraction of γ phase due to

LTC deformation for 298 K ≤ T ≤ 353 K at a constant stress σ = 632 MPa. The vol-

ume fraction in the reference sample is 31.2%, whereas the LTC samples have a volume

fraction of γ phase in the range of 24.8− 26.1%. The drop in volume fraction of the γ

phase can be attributed to the occurrence of SAMT during LTC testing, especially at

the temperatures 298 K ≤ T ≤ 323 K. Beyond that temperature, SIMT might take

the place of SAMT [28]. Hence, SAMT and, at elevated temperatures, SIMT are to be

considered as additional mechanisms contributing to LTC through volumetric changes.

The dislocation densities in α′ phase and γ phases are slightly dropping during

LTC up to 323 K (s. Figure 7.3(a)), which indicates that dislocation glide is not

leading to a strain hardening effect. Furthermore, the LTC sample at a temperature

T = 353 K shows a significant reduction in dislocation density in α′ phase, disclosing

a kind of stress-assisted recovery (SAR) within α′ phase during LTC. Having in mind

that SAMT and SIMT result in freshly formed α′ phase of very high dislocation density,

SAR almost balances this increase of dislocation density for temperatures T ≤ 323 K

and it even overcompensates for higher temperatures. SAR is a thermally activated

process that is not restricted to the α′ phase. It is very likely, that SAR occurs in the

γ phase as well. However, a moderate increase of dislocation density occurs in the γ

phase during LTC at the temperature T = 353 K. It indicates that the dislocation

glide seems to become localized in the γ phase with increasing temperature T so that

the reduction of dislocation density by SAR seems to be more than compensated by

a strain hardening effect.

KAM maps generated by EBSD are considered to visually notice the microstruc-

tural changes that occurred due to LTC deformation. A major part of α′ phase and

γ phases prior to and post LTC have misorientation of only 0 − 1◦ (s. Figure 7.4).

However, one can notice the significant microstructural changes due to LTC defor-

mation (s. white box in Figure 7.5). The selected area contains an aggregation of

spots with misorientation of 1−5◦ post LTC. A α′ and γ phase specific KAM analyses

(s. Figure 7.6(b, c)) disclose that the majority of spots with misorientation of 1 − 3◦

are made up by α′ phase (s. Figure 7.6(b)). Owing to the same crystal structure,

the SEM-EBSD data do not allow to distinguish the freshly formed α′ phase from

the existing α′ matrix prior to LTC. Here it is assumed that these spots with mis-

orientation of 1 − 3◦ might be low angle boundaries that arose due to rearrangement

of dislocations during the SAR process in freshly formed α′ phase. Within γ phase,
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the spots with misorientation of 4 − 5◦ are more dominant (s. Figure 7.6(c)). On a

microscopic scale, strain hardening due to localized dislocation glide in the γ phase

raises the strain energy stored. In combination with SAR, low-angle boundaries arose

due to the rearrangement of the increasing number of dislocations in the γ phase. It

can be visualized in terms of misorientation in KAM maps.

Figure 8.2 shows the Schmid factor mapping specific to γ phase of the same

area (s. Figure 7.4(b)) related to post LTC at temperature T = 353 K and stress

σ = 632 MPa. The black areas represent the α′ phase. As shown in Figure 8.2, the γ

phase has a distribution with CRSS of 0.28−0.50. However, the area where significant

microstructural changes occurred due to LTC deformation (s. white box in Figure 8.2)

is identified as the region with a high CRSS of 0.46 − 0.50, which is promoting the

localized deformation within the γ phase.

Figure 8.2: Schmid factor mapping of the same area (s. Figure 7.4(b)) specific to
γ phase of martempered SAE 9254 post LTC performed at 353 K

In a nutshell, plastic deformation of martempered SAE 9254 during LTC is con-

tributed by more than one mechanism: Dislocation glide localized in the metastable γ

phase, and SAMT as well as SIMT. Furthermore, SAR in the α′ and γ phases, SAMT

as well as SIMT must be considered as LTC rate-controlling mechanisms. Therefore,

the term Stress Assisted Plastic Deformation (SAPD) is introduced here to describe

the overall phenomenon of the LTC deformation contributing mechanisms in martem-

pered SAE 9254 as well as in MSS. It gets exhausted due to SAR, SAMT, and, at

elevated temperature T , SIMT, hence, being the LTC rate-controlling mechanisms.
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Chapter 9

Summary and Outlook

9.1 Summary

The rising demand for electric vehicles urges automotive suppliers to push their limits

on the sag resistance of suspension coil springs or LTC resistance of MSS. Although

various mechanisms are presumed to be LTC contributors in martensitic steels, i.e.

dislocation glide, slip localization, and phase transformation (SAMT and/or TIT),

the actual mechanisms behind the LTC strain in MSS are yet to be understood (refer

to Chapter 2). Furthermore, the LTC rate-controlling mechanisms in MSS remain

elusive.

A research approach of combined analysis by means of (i) an LTC mechanism-based

model, and (ii) advanced microstructural characterization prior to and post LTC is

considered to disclose the LTC rate-controlling mechanisms in SAE 9254 steel grade. A

roadmap of the research approach to disclosing the LTC rate-controlling mechanisms

is described in Chapter 3.

In Chapter 4, the LTC mechanism-based models are developed to make them

capable of describing the stress σ and temperature T dependence of LTC strain, as

well as creep parameters of martensitic steels.

In Chapter 6, both the modified SHT and reworked ECM are experimentally veri-

fied at the example of IQT SAE 9254. The modified SHT is incapable of describing the

stress σ and temperature T dependence of the creep parameters αS(T ) and δS(σ, T ).

Consequently, the unqualified modified SHT is excluded for further validation. In

contrast to that the reworked ECM is capable to describe the LTC strain εcr in IQT

SAE 9254, as well as the stress σ and temperature T dependence of the creep pa-

rameters n(T ), αE(σ, T ), and f∗
1 (σ,T )/f∗

0 (T ), respectively. Furthermore, the magnitude

of the derived activation volume νe and YS σe from the second stage fitting of creep

parameters are supported in the validation of reworked ECM. It is observed that the

fraction of the γ phase in IQT SAE 9254 dropped by 15% of its initial amount during
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LTC deformation irrespective of the test temperature T . Based on these experimen-

tal results, a hypothesis of the LTC rate-controlling mechanisms in IQT SAE 9254 is

proposed. However, it is challenging to validate the hypothesis at the example of IQT

SAE 9254 which contains a rather low volume fraction of γ phase (8.9%) in the form

of nano-islands.

In Chapter 7, the martempered SAE 9254 is considered to validate the proposed

hypothesis of the LTC rate-controlling mechanisms in SAE 9254. First and foremost,

the reworked ECM is verified and validated at the example of martempered SAE

9254. The microstructural changes due to LTC determined by XRD, as well as KAM,

and respective phase maps obtained from EBSD are firm support to the proposed

hypothesis of the LTC rate-controlling mechanisms (refer to Chapter 8).

In a nutshell, plastic deformation of SAE 9254 steel grade during LTC is contributed

by more than one mechanism: Dislocation glide localized in the metastable γ phase,

and SAMT as well as SIMT. Furthermore, SAR in the α′ and γ phases, SAMT as

well as SIMT must be considered as LTC rate-controlling mechanisms. Therefore, the

term Stress Assisted Plastic Deformation (SAPD) is introduced here to describe the

overall phenomenon of the LTC deformation contributing mechanisms in martempered

SAE 9254 as well as in MSS. It gets exhausted due to SAR, SAMT, and, at elevated

temperature T , SIMT, hence, being the LTC rate-controlling mechanisms.

9.2 Outlook

In the current studies, the freshly formed α′ phase during LTC deformation is not

distinguished from the existing α′ matrix of martempered SAE 9254 owing to the

fact that the conventional EBSD technique can’t distinguish phases having a same

crystal structure. However, the latest work of Blankart et al. [106] and Kang et al. [107]

have proven that EBSD is able to distinguish between the freshly formed α′ phase

and the existing α′ matrix of a material using the grain-average band slope analysis.

The consideration of this state-of-the-art analysis further strengthens the evidence to

validate the hypothesis of LTC rate-controlling mechanisms in SAE 9254. Besides, an

in-situ LTC testing is well suited to substantiate the proposed LTC rate-controlling

mechanisms.

The SAMT and SIMT have significant contributions to LTC strain along with

dislocation glide in MSS in the temperatures 298 K ≤ T ≤ 353 K. However, these

mechanisms are not considered in the developed LTC models. Furthermore, the dislo-

cation density ρm of SAE 9254 steel grade changes during LTC deformation. However,

it is considered as a slowly varying function in time t while developing the LTC mod-
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els. These changes must be implemented for further development of the sophisticated

LTC mechanism-based model.
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Appendix A

Determination of Texture in a Steel

According to SAE 453 method [99], the peaks {200}, {220} of γ phase should consider

to determine the degree of texture in a steel. The texture in steel is classified as random

or low, medium, and severe textures based on the percentage of deviation (%D) which

is defined as

%D =
Ir −Rr

Rr

· 100 (A.1)

with the ratio of experimentally measured area under the peaks (Ir) and the ratio of

theoretically determined area under the peaks (Rr)

Ir =
I220γ

I200γ

and Rr =
R220

γ

R200
γ

. (A.2)

Here I200γ , I220γ are the experimentally measured area under the respective peaks,

whereas R200
γ , R220

γ are theoretically determined area under the respective peaks in

randomly oriented crystallographic steel. The R-values of the peaks for SAE 9254 steel

composition are calculated as described in Ref. [99] and presented here in Table A.1.

The data required for the determination of R-values is available in Refs. [94;104].

Table A.1: The R-values of for the peaks {200}, {220} of γ phase and {200}, {211}
peaks of α′ phase for SAE 9254 steel composition

Peak R-value

γ200 35.90
γ220 49.31
α′

200 20.90
α′

211 180.20
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Appendix B

LTC Data of IQT SAE 9254 and

Martempered SAE 9254

A set of three specimens denoted as S1, S2, and S3, was tested at each condition. Here

presented, the LTC strain data of IQT SAE 9254 (s. Figure B.1 and Figure B.2) and

martempered SAE 9254 (s. Figure B.3 and Figure B.4).

(a) (b)

Figure B.1: LTC data of IQT SAE 9254 performed at (a) 1071 MPa, (b) 1428 MPa
at constant temperature T = 353 K
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(a) (b)

(c)

Figure B.2: LTC data of IQT SAE 9254 performed at (a) 298 K, (b) 323 K, (c) 353 K
at constant stress σ = 1634 MPa
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(a) (b)

(c)

Figure B.3: LTC data of martempered SAE 9254 performed at (a) 421 MPa,
(b) 492 MPa, (c) 562 MPa and at constant temperature T = 353 K
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(a) (b)

(c)

Figure B.4: LTC data of martempered SAE 9254 performed at (a) 298 K, (b) 323 K,
(c) 353 K and at constant stress σ = 632 MPa
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