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ABSTRACT

The heat treatment process on ADI consists of austenitization, austempering and quenching
to room temperature. Finally, ausferritic microstructure and nodule graphite formed in the
ADI material. The parameters austempering time and temperature in the heat treatment
process directly affect the morphology of ausferritic structure, which furthermore determine
the mechanical properties of the material for industrial applications.

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), atom
probe tomography (APT) and small angle neutron scattering (SANS) investigations were
carried out to quantify the relationship between heat treatment parameters and ausferritic
microstructure. At the same time, the process of carbon redistribution during the heat
treatment has been explored using in-situ synchrotron diffraction and APT.

The retained austenite in ausferrite is metastable and transforms into martensite during
plastic deformation in a similar process as has been found in TRIP steels. The evolution of the
martensite phase fraction as a function of plastic deformation has been quantitatively
determined using Rietveld refinement of neutron diffraction data taking into consideration the
influence of texture formation. Finally, the martensite volume fraction as a function of plastic
strain could be modelled using an shear-intersection mechanism taking into account the
content of alloying elements by directly measuring the corresponding martensite-start

temperature Ms of the material.
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NOMENCLATURE AND ABBREVIATIONS

ADI: Austempered ductile iron

APT: Atom probe tomography

As: Austenite-Start-Temperature

As: Austenite-Finish-Temperature

bcc: Body-centered cubic

bct: Body-centered tetragonal

bn: Neutron scattering length

c: Velocity of light, 3 x 108 m/s

d: Sample-detector distance

dnw: Distance of lattice plane

fcc: Face-centered cubic

fa: Austenite phase volume fraction

fu: Martensite phase volume fraction

fs: Saturation value of martensite phase volume fraction
FWHM: Full width of half maximum

AG "M(T): Gibbs free energy difference between austenite and martensite at termperature T
AG "M Driving force of martensite nucleation at Ms
hcp: Hexagonal close-packed

hkl: Lattice planes

K: Scherrer constant

KS: Kurdiumov-Sach

LD: Loading direction

m.r.d.: multiples of random distribution

Ms: Martensite-Start-Temperature

Xl



M2 The maximal Martensite-Start-Temperature caused by stress
My: above this temperature no strain-induced martensite can form
M;: Martensite-Finish-Temperature

n (in equation (3.3)): Exponent dependent on material

n (in equation (3.4)): Deformation mode parameter

ND: Normal direction

NW: Nishiyama-Wassermann

ODF: Orientation distribution function

RD: Rolling direction

SANS: Small-angle neutron scattering

SADP: Selected area diffraction pattern

T,: Austenitization temperature

Taus: Austempering temperature

Tq: quenching temperature

TD: Transverse direction

TRIP: Transformation induced plasticity

uvw: Lattice directions

v: Velocity of particle

V: Size of martensite plate

@: Coefficient related to material

J: Wave length

a (in equation (3.3)): Parameter dependent on stacking-fault energy
B: Velocity of particles with respect to the velocity of light

p (in equation (3.3)): Parameter related to chemical driving force
B (in equation (3.4) and in section 5.8): Stability of austenite

B (in section (5.2)): Integral breadth

Xl



I': Full width at half maximum

¢: Plastic strain

&: Strain rate
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1. Introduction

Austempered ductile iron (ADI) has been designed and used in industry for over 40 years.
It was first applied in the automobile industry in 1972 to reduce weight and save the total
production cost of trucks. In the following decades, the mechanical properties of ADI such as
tensile/yield strength, elongation, and abrasion resistance could be improved significantly due
to progress in its production. It is nowadays being applied in many different kinds of
industrial components like engine brackets, diesel injector clamps, annular gears and others

on account of its high fatigue resistance, toughness and ductility [John00].
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Figure 1.1 Comparison of cast iron properties [Jens03], GJS = Gusseisen mit Kugelgraphit, GJL =
Gusseisen mit lamellarem Graphit (German name in new DIN EN 1563).

The predecessor of ADI is conventional cast ductile iron with nodular graphite (Gusseisen
mit Kugelgraphit = GJS), a material that has high strength and ductility, which make it to play
an important role in the casting industry. Compared to this conventional cast ductile iron, ADI
has two major advantages. At first, with the same elongation ADI twice the tensile strength as
conventional cast iron (Fig. 1.1) can be reached. In this respect, the tensile strength of ADI is
comparable with many kinds of steel. However, compared to steels ADI as a typical cast iron
offers the further advantage of free formability from the casting process as well as about 10%
less density because of its high graphite content. Finally it is also 20% cheaper than the

comparable aluminum component [Jens03] while showing better damping capacity [Jens03].



Its advantages in mechanical properties are mainly the benefit of its so-called ‘’ausferritic’’
microstructure. More details about the ¢ ausferrite’” microstructure and its related heat

treatment will be introduced in the following subchapters.



1.1 ADI heat treatment and phase transformation during the heat treatment

The base material cast ductile iron has to undergo a heat treatment involving the following
steps to yield the characteristic ausferritic microstructure: (1) austenitization (880~1000°C),
(2) quenching to austempering temperature (less than 30s), (3) isothermal austempering
(250~450°C) and (4) finally cooling to room temperature. Figure 1.2 summarizes

schematically the whole heat treatment process.
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Figure 1.2 TTT-Diagram (Time-Temperature-Transformation) of ADI heat treatment process [Rund04].

The aim of the heat treatment is producing a microstructure of needle-like ferrite (bcc
structure) in a carbon-supersaturated austenite (fcc structure) matrix. The high carbon content
stabilizes the austenite matrix at ambient and even lower temperature. The base material cast
ductile iron will be austenized in a furnace with inert gas or in a salt bad at least for 30 min,
until complete carbon saturation of the austenite (900°C - 0.8 wt%, 950°C - 0.92 wit%)
[Leopl5] is reached.

The austenisation is followed by rapid quenching to austempering temperature Tays. High
quench rates of around 20 K/s are needed in this step to avoid formation of perlite (Fig. 1.2).
The ADI sample is then hold isothermally at this temperature until the required microstructure
is achieved. According to the phase transformations which take place during the isothermal
austempering, the austempering can be differentiated in 3 stages (Fig. 1.2). The phase
transformation and carbon diffusion taking place during austempering can be described with

help of the Fe-Fe3C phase diagram (Fig. 1.3).
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Figure 1.3 Fe-Fe;C phase diagram [Www-02].

1. Stage: In the first stage, austenite will transform partly to ferrite which has much lower
carbon solubility (0.02 wt%) than austenite (Fig. 1.3). Therefore the excess carbon atoms in
ferrite are displaced and will diffuse into the surrounding austenite matrix and stabilize it so
that further transformation ceases. From ex-situ observation of the isothermal austempering
procedure using optical microscopy the directional relationship between austenite and ferrite
has been determined [Leopl15]. The transformation occurs first nearby the graphite nodules
and extends away from the direction of the graphite [Leop15]. At the beginning of this stage,
cooling too early to room temperature can cause a transformation of insufficiently stabilized
austenite into martensite, which leads to embrittlement of the material. For this reason, the
carbon content dependent minimum austempering time must never fall below the time until
the carbon content in retained austenite has risen up to a plateau value of about 1.5~1.7 wt%,
depending on the austempering temperature [Leopl15]. The carbon diffusion between ferrite
and austenite during austenite to ferrite transformation is well known and understood in many
iron based austenitic alloys like QP (Quench&Partitioning) steel [Jspe03], AISI 316 steel
[Jcerl4] and ADI [Leopl5]. At high austempering temperature of Tays > 375°C, the carbon
diffusion from ferrite to retained austenite will be finished almost simultaneously with the
phase transformation [Leopl15]. While if Tays is decreased, the carbon diffusion lacks behind

the completion of phase transformation [Leop15].



2. Stage: The phase transformation rate drops to lower than 10 vol%/s [Psaal5]. The
duration of this stage depends on the austempering temperature [Leopl5] and for ADI
material production the isothermal austempering should be stopped here, before the Stage 3

reactions set in.

3. Stage: Austempering for too long a time leads to the carbide formation and thus also to the
embrittlement of the material, which must be avoided (Fig. 1.2).
Depending on the austempering temperature the material should be austempered so that the
amount of stabilized austenite is at maximum before subsequent cooling to room temperature.
The formation of microstructural defects like primary carbides, segregations and porosities
etc. must be avoided. Such defects are almost impossible to be eliminated by heat treatment.
Addition of other alloying elements into the ADI material is a possible solution to alleviate

such problems.



1.2 Microstructure of ADI

In optical micrographs the ausferritic microstructure in ADI is quite similar to some kinds
of bainitic microstructures in steel (Fig. 1.4 and 1.5). These are the result of the so-called
bainitic isothermal transformation in steels [Hkdh05] which is quite similar to the austenite to
ferrite transformation during the ADI heat treatment. However, there is a key difference
between the resulting microstructures. Whereas bainite commonly consists of supersaturated
ferrite and cementite, ausferrite consists of acicular ferrite and carbon enriched retained

austenite, with no stable cementite being found in the ausferrite matrix.

Figure 1.4 a) unalloyed ADI austempered at 300°C/1h, b) 400°C/1h and c) 2h, etched by 3% nital
[Rajn14].

The morphology of ausferrite is transformation temperature dependent. The acicular ferrite
formed at lower transformation temperature has a larger volume phase fraction and a much
finer structure as the one formed at higher temperature (Fig. 1.4). Nowadays computational
simulations, for example the one developed by Boccardo et al, are able to describe the whole
formation process of ausferrite microstructure in ADI [Adbol7-1, Adbol7-2 and literature
therein] and are confirmed by SEM and TEM results in this work. The amount and grain size
of acicular ferrite determines the hardness and fatigue strength of the resulting ADI material,
while the ductility is supported by the carbon enriched retained austenite, thus explaining the
increase in ADI mechanical properties depicted in Figure 1.1. ADI austempered at lower
temperature has higher tensile strength and smaller elongation while ADI austempered at
higher temperature has the opposite properties. Through controlling the transformation
temperature and holding time one can derive high strength ADI with relative low elongation
or low strength ADI with relative high elongation. Because of the homogenous distribution of



acicular ferrite and retained austenite, the ADI material shows a higher toughness, fatigue

strength and ductility as other types of cast iron and is even comparable to some bainitic steels.

Figure 1.5 Optical micrographs of bainite obtained at 200 °C [Yguo15].



2. Aims and work program

2.1 Aims

In this work, the relationship between preparation treatments, resulting microstructure and
phase compositions will be highlighted. The understanding of structure — property —
relationships is essential for any development of materials. The most important questions to

be addressed within this work can be categorized into three topics:

1. Strain-induced martensitic transformation kinetic:

What is the relationship between plastic strain ¢ and strain-induced martensite phase volume
fraction fy? Furthermore, can the relationship of other influence factors (like alloying content,
grain size, strain rate ect) on the martensitic transformations kinetic be described using a

mathematical model.

2. Grain size and distribution of ferrite, austenite and martensite:
What are the effects of austempering temperature and plastic strain on the grain size

distributions in ADI materials?

3. Carbon gap and carbon distribution in ADI:

The disappearance of some carbon atoms in ferrite/austenite before and after austempering
has been determined previously [Leopl5, Psaal5]. The issue of missing carbon is called the
carbon gap. Carbon gap has also been shown to be dependent on austempering temperature.

Its specific relevance with austempering temperature needs to be quantified.



2.2 Work program

In order to answer the questions raised above, the following series of experiments have

been planned and conducted:

ADI specimen preparation

i

Plastic deformation

SEM TEM Atom Probe Tomography
l Small angle scattering with neutron Synchrotron diffraction
Texture and phase analysis l
using neutron diffraction N . N
Grain size and distribution of

+ ferrite, austenite and martensite

Carbon gap and distribution in ADI

Rietveld-method

Ms measurement using
Dilatometer, DSC and neutron diffraction

Simulation of martensitic transformation
with mathematical model

Figure 2.1 The main experimental procedures and techniques with respect to the specific aims (in colored

boxes).

1. The strain-induced martensitic transformations kinetic in ADI under plastic deformation
have been systematically investigated. ADI samples which have three different nickel
contents typically used in industry (0 wt%, 0.5 wt% and 1.5 wt%) have been heat treated at
different austempering temperatures Taus. The alloying element nickel has been shown to
prevent the austenite-ferrite transformation from progressing, thereby increasing the final
austenite content and enhancing the mechanical properties of the material. Its influence on the
phase transformation in ADI during austempering has been investigated previously [Psaal5].
However, its impact on martensite-start temperature Mg in ADI has not been quantified. In
this work, the samples were plastically deformed (tensile, compression and cold rolling) to
different strain levels. Texture and phase information data were collected using neutron
diffraction (section 5.6 and 5.7). Rietveld-refinement has been performed on the neutron
powder diffraction data with combination of texture information. On the other hand, the Ms
temperature of the prepared ADI samples was determined using dilatometry and neutron

diffraction (section 5.5). A mathematical model was developed to explain the relationship



between the volume fraction of strain-induced martensite and its relevant influence factors

(section 5.8).

2. SEM and TEM were used to observe the microstructure of ADI. The approximate grain
size and shape of phases in ADI can be shown directly in SEM and TEM images (section 5.1).
The grain size distribution of different phases can be estimated using small-angle neutron
scattering (SANS) data (section 5.3). The relation between austempering temperature T a,s and

grain size distribution can be determined.

3. In-situ synchrotron diffraction with high time resolution was carried out on ADI samples
during the heat treatment. Carbon diffusion in ferrite and austenite during the heat treatment
was investigated by analysis of changes of their peak positions (section 5.2). Atom-Probe-
Tomography was performed on ADI samples after heat treatment to investigate the carbon

distribution in ADI and elucidate the possible reasons for the carbon gap (section 5.4).
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3. Theoretical background

3.1 Neutron and Synchrotron diffraction

Neutron and synchrotron diffraction enable structural analysis of crystalline matter and
offer a variety of applications in materials science, physics, chemistry, biology, medicine and
other fields of research. Neutrons and synchrotron radiation have wavelengths in the range of
atomic distances and share a number of physical properties, which make both of them
powerful tools for material research. Nevertheless in certain aspects their properties are
different, which allows distinguishing them between the ways, means of solving problems and
the details in the practical applications. For a better understanding of their applications in the

material research, their basic physical properties will be given in the following section.

3.1.1 Properties of neutron and synchrotron radiation

Neutron radiation is a particle wave, which can be described by Schrodinger equation. The
neutron has a mass of 1.675x10%' kg and its energy depends on this mass and its own velocity.
On one hand, due to the interaction between neutrons and the nucleus particles in the
scattering atoms, its scattering length b, depends sensitively on the order number Z and the
mass number A of the scattering atoms [Wrei06]. On the other hand, different to X-rays, the
scattering length of neutrons, by, varies with relative small fluctuations throughout the whole
periodic table, both of which allow identifying the elements with similar Z or even isotopes
(difficult or even impossible with X-rays) (Fig. 3.1). Due to its uncharged nature, neutron
radiation has a high penetration ability into solid materials (some mm to cm), which makes it
possible to perform stress/strain and phase analysis in large specimen with a complicated

geometry.

11
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Figure 3.1 Scattering lengths for X-ray (a) and averaged for neutrons (b). The scattering length for each

isotope of the respective element (c) [Wrei06].

However, the interaction between neutrons and scattering atoms is not only limited to the
nucleus. The dipole moment of the neutron interacts with the magnetic moment of the atomic
shells in the magnetically ordered materials, which leads to an additional interaction similar as
the nuclear interaction. Due to this reason neutron diffraction became the classic research
method in investigation of magnetic structures [Wrei06].

Synchrotron radiation is electromagnetic radiation emitted by charged particles (electrons

and positrons), accelerated to relativistic velocities [Wrei06] (Fig.3.2).

12
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nonrelativistic velocities at the low energy state. (Right) With relativistic velocity 8 = v/c,

velocity of particles with respect to the velocity of light [Dhto56].

Synchrotron radiation has a continuous spectrum with a wavelength ranging from infrared
to hard X-rays. Compared to neutron radiation the high intensity, small source size and high
brilliance make the synchrotron radiation advantages for rapid kinetic measurements,
experiments with small samples and some space resolved techniques. In order to make full
use of their respective advantages in scientific research, neutron/synchrotron scattering
facilities are equipped with dedicated scattering instruments and devices.

3.1.2 Instrumentation and methods
An overview of the experimental hall and neutron guide hall of the Research Neutron
Source Heinz Maier-Leibnitz (FRM Il MLZ) at TU Munich is shown in Figure 3.3 as an

example.

13
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Figure 3.3 Instrument overview with corresponding partners (FZJ - Forschungszentrum Jilich, TUM —

Technische Universitat Miinchen, HZG — Helmholtz-Zentrum Geesthacht, MPG — Max Planck
Gesellschaft) [Www-01].

Table 3.1 Selected instruments used in the current work and their main research areas in material science.
ND: neutron diffraction, SD: synchrotron diffraction

Scientific field Instrument (Radiation source) Methods / Technique
Stress analysis STRESS-SPEC (FRM I1) Angle-dispersive ND
Microstructure SANS-1 (FRM 1) Small-Angle ND/SD
analysis (PETRA 11I/DESY)
Texture analvsis Beamline P07 HEMS (PETRA 111 /DESY) Monochromatic ND/SD
y STRESS-SPEC (FRM II)
Phase analysis SPODI (FRM 11) Neutron powder diffraction

The neutron source FRM 11 offers a wide neutron spectrum ranging from ultra-cold to
hot neutrons and has been equipped with over 30 different scattering instruments. Each
instrument can be equipped further with different detectors and other related devices like
robots, cryostats, light furnaces, magnets etc, used to change the experimental environment to
satisfy the special requirements in the scientific research. Such a facility configuration makes
the contribution of neutron research possible to progress in many scientific fields, especially
in material science. The main research fields in the material science using
neutron/synchrotron diffraction and their related instruments, methods are partly listed in
table 3.1.

14



The instruments STRESS-SPEC and SPODI (FRM I1) bear the main task of experimental
measurements of this Ph.D thesis. Their basic configurations and scope of application will be
introduced in detail in the next subchapter.

3.1.3 STRESS-SPEC and SPODI

The diffractometer STRESS-SPEC can be applied for residual stress analysis, texture
determination and some structural applications (phase transformation dynamics, spatially
resolved phase analysis) [Mhof15].

Figure 3.4 Schematic configuration of STRESS-SPEC (left) and Robot sample holder (right) [Mhof15].

STRESS-SPEC is situated at the thermal beam port SR-3 of FRM II. The instrument
comprises a set of three different monochromators (Ge (511), Si (400) and PG (002)), a large
sample table and a ®He position sensitive area detector. With this setup and a continuous take-
off angle from 35° to 110° a good balance of resolution and intensity can be realized for the
different measuring problems. A 6-axes robotic arm can be used instead of the original sample
table to offer even more flexible sample positioning and automatic sample changing.

Using a closed cycle cryostat and a high temperature furnace as devices the sample
temperature environment can be controlled from 3 K to 2173 K. Thus solid phase
transformations or magnetic structure changes within this temperature range can be

determined quantitatively).

SPODI is a powerful instrument for structure solution and Rietveld refinement of crystal
and magnetic structural parameters [Mhoe15]. The multi-detector system consists of 80 *He

position sensitive detectors (each detector covers 2°) with 300 mm effective height. In front of
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each detector, a 10° collimator is placed enabling good angular resolutions over the whole
scattering angle regime. The good resolution is further supported by a large monochromator
take-off angle of 155°.

@ Neutron guide

@ Monochromator

® Optimal collimation
® ® Sample table
® Collimator array
® Detector array

Figure 3.5 Schematic configuration of SPODI (left) and detector system (right) [Mhoel5].
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3.2 Texture

Texture is defined as non-uniform distribution (or preferred orientation) of crystallographic
orientations of individual grains within a polycrystalline material [Ufko98]. A polycrystalline
material is equivalent to an aggregate of many single crystallites. The preferred orientation
(texture) can be expressed by the Miller indices using two vectors in the form of (hkl)[uvw],
which is used to describe the crystallographic planes {hkl} and plan directions <uvw> of a
single crystal (Fig. 3.6). The detailed texture information is usually represented in the form of
a 2-dimentional Pole figure or the 3-dimentional orientation distribution function (ODF).
Many material properties like strength, stress resistance, deformation behaviors etc. are highly
dependent on the texture in material. In addition, texture formation during plastic deformation
also influences the results of quantitative phase analysis. In this subsection, the route to
present the texture distribution, experimental texture measurements and texture development

in face-centered cubic fcc and body-centered cubic bcc metals will be introduced.

(hk1)//Z Z (ND) Y (TD)

~,
rd

X (RD)

— [uvw]//X

Figure 3.6 Orientation specification via (hkl)[uvw] of a single crystal in a polycrystalline material. ND:

normal direction, TD: transverse direction, RD: rolling direction.

3.2.1 Representation of textures

All the plane normals and directions in the 3D crystal structure can be represent as points
on the reference sphere (Fig. 3.7 a). After projection on to a circle plane, the points on the
reference sphere can be shown in a stereographic projection (Fig. 3.7 b).

When we now consider a polycrystalline specimen (Fig. 3.7 ¢), one can represent in similar
fashion the relation between crystallite orientation and specimen geometry in the
stereographic projection (Fig. 3.7 d). In case the grain orientations in the specimen are almost

random or without texture, the pole densities in the pole figure are about 1 times random
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(multiples of random distribution, m.r.d.), while in case of texture it is greater than 1 times
random (Fig. 3.8).
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Figure 3.7 Representation of Pole figure after [Ssuw14].
a) Plane normals of a cubic single crystal present at the center of the reference sphere.
b) The (001) stereographic projection from (a).
c¢) Plane normals of a grain in a polycrystalline specimen present on the reference sphere.
d) The stereographic projection from (c) from ND (normal direction).
e) Showing pole densities as contour lines.
f) Comparison of pole figure and stereographic projection. Left: (111) Pole figure of a cold
rolled specimen. Middle: (100) stereographic projection. Right: Pole figure and stereographic

projection superimposed on each other.

The standard stereographic projection of a crystal system (cubic, hexagonal, tetragonal etc)
is a particular mapping that projects the crystal orientations in a 3-D space onto a 2-D plane
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[Ssuw14]. In a standard stereographic projection (for example: Figure 3.7 f, middle, 001
stereographic projection of cubic system), the normal direction of plane (hkl) = (001) is
chosen perpendicular to the projection circle and placed in the center. The information of
other planes will be based on the spatial relationship with (001) plane projected on the
corresponding positions of the (001) stereographic projection. Comparing the measured pole
figures with standard stereographic projection, the texture orientation and specimen geometry
can be easily read out (Fig. 3.7 f). For a correct comparison, it is necessary to define the
coordinate system of the measured pole figures (Fig. 3.7 left, RD = rolling direction, ND =
normal direction and TD = transverse direction to rolling as an example) and make sure that
the stereographic projection and the projection plane of the measured pole figure have the
same coordinate system. Otherwise the pole figures must be first rotated to the relevant
stereogram.

As pole figures can be obtained directly through experimental measurements the procedure
to show the crystal orientations and specimen geometry together in a 2-dimentional
stereographic projection is an appropriate way to qualitatively describe the texture in a
polycrystalline material. However, the crystal orientation in materials has a 3-dimentional
structure, so that using 2-dimentional projection to describe the 3-dimentional structure will
inevitably lead to loss of useful information. Therefore using the orientation distribution
function (ODF) in a 3-dimentional space, whose coordinates are defined by 3 Euler angles (D,
¢1, ¢2) to describe the distribution of crystal orientation, is the usual way to overcome this

problem [Ssuw14].

norm: 7801

min: 0.773 at 230.0/ 10.0
max: 1.145 at 2550/ 85.0

Equ. angular low. hem. proj
Aus-111 pol
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Figure 3.8 a) Pole figure of austenite (111) reflection in ADI without plastic deformation. (The crystallite
orientation is almost random; the maximum of m.r.d. in the Pole figure is 1.145)
b) Pole figure of austenite (111) reflection in ADI with 40% plastic strain. (The austenite
crystallites have shown preferred orientation on the (111) planes; the maximum of m.r.d in the
Pole figure is 1.518)

Experimental ODF Recalculated pole
_— _ —_—>

pole figure data calculation figures from ODF
Calculate ODF using - Comparison of experimental
correction factors and recalculated pole figures

Unacceptable ‘L Acceptable
ODF output

Figure 3.9 Schematic calculation of ODF (orientation distribution function) from pole figures [Ssuw14].

Figure 3.9 shows the calculation procedure for an ODF from the measured pole figure data.
Normally, two pole figures (from two Bragg reflections) of a phase which are not parallel to
each other in 3-D space are required to be used for quantitative ODF calculation. For high
symmetric crystal system (for example: bcc) it is also possible to use just one pole figure for
quantitative 3-D texture analysis (ODF calculation). Through calculation with several
mathematical functions (Bunge notation [Hbun87]) the measured numerical pole figure data
will transform into the ODF which includes all the crystal orientations in the specimen. In
general, the calculation of ODF requires the measurement of two different pole figures. But
for a high symmetrical crystal structure, it is sufficient to calculate the complete ODF by
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measuring one pole figure. Bunge [Hjbu65], Roe [Rjro65] and Williams [Will68-01, 02] have
proposed this procedure independently and have derived the important texture components of
cubic crystals as shown in Figure 3.10. The calculation can be achieved using several freely
available software packages like Pfplot, MTEX, LaboSoft and etc. More details about the

derivation of the mathematical functions and the coordinate system rotations of the ODF are

/‘ ?,
()

shown in [Ssuw14].
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Figure 3.10 3D Euler space with important texture components [Ssuw14]. All the texture components can
be shown in this 3D Euler space in the form of (hkl) [uvw]. The main texture components of
fcc and bcc metals are located in the plane view of the ¢,=45° section and shown again

separately in Figure 3.12.

3.2.2 Determination of texture with diffraction measurements

The determination of texture can be achieved through X-ray diffraction [Jmar99],
synchrotron diffraction [Hrwe03], electron diffraction with TEM [Jmos90, Jinw95] and
neutron diffraction [Hjbu82]. Each method has its own characteristics and the choice of the
measurement technique for an actual sample needs be undertaken with this in mind.

Figure 3.11 represents a pole figure measurement with two variable angles for tilting (y = 0°
~ 180°) and rotation (¢ = 0° ~ 360°). In addition, the corresponding sample coordinate system
is also defined. Using a two dimensional area detector several points in a pole figure can be
measured simultaneously. After tilting and rotation of the sample around y and ¢ the intensity
of selected reflections can be obtained and such the corresponding whole pole figures will be

derived. For detailed information about specific equipment and methods the reader is referred
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to standard references like [Hjbu65, Rjro65 and Ssuw14]. Here only a simple comparison on

the choice of different methods is introduced.

Neutron/Synchrotron beam

Detector

Figure 3.11 Top: Schematic overview of diffraction geometry in pole figure measurements. Bottom:

Resulting pole figure 5°x5° grid (as expressed in the measurement angles y (chi) and ¢ (phi)).

As the penetration capability of laboratory X-ray sources is quite limited for metals and
ceramics and their wave length range restricted, it is mainly being used for texture
investigations on the surface of fine grained materials. However, as it is a laboratory based
source it is easily accessible and until now the cheapest method. Synchrotron radiation on the
other hand has much higher penetration capabilities, but due to its limited beam size and
divergence, it is usually used for fine grained materials only. Electron diffraction with TEM
enables to visualize the texture distribution within the grains [Jmos90, Jinw95], making it
possible to analysis the interaction of neighboring grains for instance during plastic
deformation processes. EBSD is more suitable for coarse-grained materials and yields in

principle only 2-D information. Finally neutron diffraction is suitable for bulk specimen
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almost without limitation in grain size ranging from nm up to mm. It is also possible to
determine magnetic pole figures using neutron diffraction. Due to its relatively good angular
resolution and the possibility to use a large wavelength range even measurements on materials

having densely packed diffraction peaks are possible.

3.2.3 Textures in bce and fcc metals

In ADI the ausferrite matrix contains mainly bcc ferrite and retained fcc austenite from
which the ferrite phase originates during the austempering process. It has been shown for
many types of steels [YohmO01], [Hkdh90], [Yohm96], [Moka90] that a certain orientation
relationship between the parent and product phases exists during and after the transformation
[Ufko98]. This depends on those close-packed planes and directions, with which the
respective phase boundaries will have the lowest surface energy. The fcc austenite (A) and
bcc ferrite (F) in “’ausferrite’” have been found to have the Kurdjumov-Sach (KS) or

Nishiyama-Wassermann (NW) orientation relationship [Vayal4, Fbar10].
Kurdjumov-Sach: {1113a 1 {011}F, <110>4 I <111>
Nishiyama-Wassermann:  {111}a I {011}, <211>4 1 <011>¢

For example, in Kurdjumov-Sach (KS) relationship, the {111} planes of austenite is
parallel to the {110} planes of ferrite; correspondingly, <110>a directions is parallel to the
<111> directions. This scheme is also valid in strain induced martensitic transformation and
the martensite, which transformed from retained austenite, also has the KS and NW
orientation relationship with the originating austenite [Vayal4, Fbar10].

The texture development in metals depends in principle solely on the crystal structure.
Nevertheless many studies and articles on texture formation in metals have shown that many
other variables like microstructure, alloying elements, deformation mode or temperature can
influence the texture development severely thus making the prediction of texture formation in
metals due to plastic deformation quite complex in practice. In the following we will present
a summary of experimental results for textures in materials containing fcc and bcc phases.

The most common slip system in fcc metals is slip along the {111} close-packed plane in
<110> direction. In bcc metals, slip occurs along the planes of type {110}, {123} and {112}
in the direction of <111>, for which their Burgers vectors are the shortest and have the lowest
activation energy [Ufko98]. Most of these components are present in the ¢,=45° section of the
ODF (Fig. 3.12) and is therefore commonly used to describe the texture distribution in fcc and
bcc metals.
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Figure 3.12 Plan views of the ¢,=45° section of Figure 3.10.
a) The most texture components of bcc metals after plastic deformation.

b) The significant texture components of fcc austenite are shown [Ahal08].

In axisymmetric deformation experiments like tension and compression tests, most fcc
metals have been observed to have the main component in [110] direction after compression
and mixed [111], [110] components after tension [Mgst88, Hsun74]. In rolling experiments
almost all the texture components in fcc metals are covered by two typical fiber components o
and PB. Here the a fiber runs from ‘‘Brass’’ to ‘‘Goss’’ and the f fiber runs from ‘‘Copper’’ to

“Brass”” (Fig. 3.12) [Ufko98]. *

Table 3.2 The main texture orientation // RD or LD (RD: rolling direction, LD: loading direction) in bcc

and fcc metals after different plastic deformation [Hsun74].

Cystal structure tension compression cold rolling
Mainly from (001)[110] to (111)[110]
bce [110] [111] and [100] Weak component spread from

(112)[110] to (111)[211]

Strong component around o .
[110], spread from [110] to Copper-type (123)[412]+(146)[211]

[113], plus a weak component Silver-type (110)[112]
[100]

fcc [111] [100]

Comparing the slip systems of bcc and fcc crystal structures, it is not difficult to find, that
the main slip systems of bcc and fcc crystals are only transpositions of slip direction and slip
plane with each other. The KS orientation relationship between fcc and bcc crystals also

reflects this point, which means, the texture developed in tension of bcc metals and in

! Brass, Copper and Goss: typical texture types in the alloys of Brass (55% ~ 95% Cu-5 % ~ 40 % Zn), Copper (Cu)
and Goss steel (Fe-Si steel)
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compression of fcc metals should be the same and vice versa [Ufko98]. The texture
development caused by rolling is always more complicated as the ones caused by uniaxial
deformation. However over years a multitude of investigation on the texture development in
ferritic steels yielded a comprehensive description on texture orientations of rolled bcc as
functions of temperature, deformation levels and alloying elements [Drab94, Msud81,

Rkra93]. A summary of main bcc and fcc texture components is listed in table 3.2.
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3.3 Martensitic transformation in ADI

Due to its high occurrence frequency in different materials and its close relationship with
material mechanical properties, martensitic transformations were always an important subject
of investigations in the material research since they were first found in steels by Adolf
Martens in 1890 [Cssm92]. Martensitic transformation is defined as diffusionless
transformation with short-ranged atom displacement. Over thousand papers have been
published until now with subjects ranging from crystallography changes to thermodynamics
and kinetics. Its definition is nowadays not only limited to the transformation from fcc
austenite to bct martensite in steels, it has also been observed in many other elements like Ti
(bcc < hcp), alloys like Cu-Sn (bcc < fcc), chemical compounds and ceramic materials
[Erpe70]. Here only a brief overview on the current knowledge of martensitic transformation
in ADI will be given.

As shown in chapter 1.2 ADI consists of acicular ferrite and highly carbon enriched
retained austenite. The carbon enriched austenite is metastable and several reports exist
indicating a partial transformation to martensite when ADI is subjected to deformation
[HnhaO4, Dmys14, Wbo6h15]. Formation of martensite in ADI was first observed on the
fractured surface of tensile specimens and the surface of cold rolled specimens using X-ray
diffraction and microscopy [Jara97], while Rietveld refinement of X-ray diffraction data
allowed following the quantitative evolution of martensite with plastic deformation up to 25%
[Jlga03]. The effect is well known in steels as transformation induced plasticity (TRIP) and
has been used since the early 70’s to enhance mechanical properties [Sdan70]. A prerequisite
for this martensitic transformation is the existence of metastable retained austenite. The
martensitic transformation is directly linked to the stability of the retained austenite, which
contains several influence parameters for the martensitic transformation like austenite grain
size, alloying element contents in austenite and stress state of austenite. It can be
approximately scaled by the M temperature [Ccap03, Ksug92]. Martensite will start to form
when the Gibbs free energy of austenite gets larger than the Gibbs free energy of martensite
plus a critical driving force for martensitic transformation (4Gi). Either thermal martensite
induced by cooling or strain induced martensite is formed [Mmaal0].

In general one distinguishes the martensitic transformation according to external conditions,

as athermal / isothermal martensite or stress / strain induced martensite.
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3.3.1 Temperature induced: Athermal and isothermal martensite

Upon cooling martensite begins to form at a specific temperature Ms. As the cooling
temperature falls below Mg, a certain amount of martensite appears rapidly. Simultaneously,
the transformation induced strain energy increase in the system stabilizes the retained
austenite. Therefore undercooling of the stabilized austenite is necessary in order to increase
the driving force for further transformation. The total volume fraction of martensite increases
with decreasing temperature and the transformation is completed at the martensite finish
temperature M; (see as an example the martensitic transition in a NiTi shape memory alloy,
Figure 3.13). In some cases, even if the temperature dropped close to OK, austenite will not
fully transform to martensite (M¢ < OK). The difference between athermal and isothermal
martensite is only their transformation time dependence, which is related to the nucleation
controlled kinetic, and will be briefly introduced as follows:

Athermal martensite transformation is time independent as nearly all of the martensite is
generated immediately when the target cooling temperature M; (Ms < M; < M) is reached,
with only a small amount formed during the isothermal holding [Znis78] (Fig. 3.14 a).

On the other hand in some alloys the martensitic transformation has clear time dependence

as the formation of martensite occurs mainly during the isothermal holding (Fig. 3.14 b).
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Figure 3.13 Schematic illustration of the phase transformation and the hysteresis of NiTi-SMAs [Rpfel3].
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Figure 3.14 a) Athermal martensite of Fe-15%Ni alloy at different cooling temperature during isothermal
holding [Mvil14]. b) Isothermal transformation results of Fe - 23.2 wt% Ni - 3.62 wt% Mn
showing temperature dependence and incubation time [Chsh55].

In the athermal martensitic transformation, also named “Umklapp” transformation, the
nucleation is based on the fast kinetics of internal twinning. The rapid transformation rate of
this also explains the independence between Ms and cooling rate. The morphology of the
resulting martensite is plate shaped and can be characterized by a twinned substructure
[Mvil14].

In isothermal martensitic transformation, named “Schiebung ” transformation, on the other
hand the nucleation is mainly based on the movement of interfacial dislocations either at the
beginning of isothermal holding (Fig. 3.14 b) or during the holding of (Fig. 3.14 a),. Here the
morphology of martensite is lath shaped. In the final part of isothermal holding (Fig. 3.14 b)
the slow increase of the martensite volume fraction is associated with thermo-elastic growth
[Mvil14] or auto catalytically produced martensite nuclei [Srpa67].

According to [Hkdh82, Smcv09, Dpko59], there is an exponential relationship between the
volume fraction of athermal martensite and temperature in the range between M; to Ms which
can be expressed using the Koistinen-Marburger equation (3.1) [Dpko59]. In the original
publication the material dependent parameter b in equation (3.1) is assumed to be constant,

which is suitable for carbon steels.
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;—M =1—exp[b(T —M,)],b=1.1x10"2 3.1)
A

fu: volume fraction of martensite

fa: volume fraction of austenite

T: quenching temperature

b: parameter related to Ms and M [Hyyu97, Fhuy15]

Later Magee [CIma70] has developed this equation using martensite nucleation theory and
delineated the relationship of parameter b to the driving force of nucleation (4G "~ |
equation (3.2)). Here the influence of chemical composition is already included in the phase
specific free energy part of the equation developed by Magee [Yywel4]. This equation is
more accurate than K-M equation and both of them are used to calculate the volume fraction
of martensite in middle or high carbon steel. In these steels the M temperature is low enough,
so that the carbon partitioning effect during the martensitic transformation can be ignored
[Yywel4]. However, the parameters V and @ are very difficult to determine experimentally
which prevented a wider application of equation (3.2) to determine b. In most cases, the K-M
equation is therefore still the preferred choice for the calculation of the relationship between
martensite phase fraction and temperature.

b=V x@xad(AG"M)/oT (3.2)

V: size of martensite plate

@: coefficient related to material

No unified theory describing the isothermal martensitic transformation has been
established until now. Hence to describe isothermal martensitic transformation kinetics
empirical equations have also been used [Esma52, Srpa67 and Prri08]. However, the scope of
application of these empirical equations is not as wide as the K-M equation for athermal
martensitic transformation. This is because the main factors dominating the isothermal
martensitic transformation change due to variations in the chemical composition of the
material. For instance in Fe - 23.2 wt% Ni - 2.8 wt% Mn steel [Prri08], the isothermal
martensite nucleation rate was determined to be dominated by the grain size of the parent
austenite. The driving force for continuation of the transformation in an austenite grain stems
from the increased strain of the formerly transformed austenite region. The nature of the

isothermal martensitic transformation in such Fe-Ni-Mn alloys can be explained by classical
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homogenous nucleation theory® [Srpa67]. On the other hand in Fe - 30 wt%Ni alloy, the
isothermal martensitic transformations kinetic has been explained using reaction path theory”
[Esma52]. Isothermal martensitic transformations have not been found in ADI materials.
Therefore, further formulation and discussion of isothermal martensitic transformations

kinetic will not be given in this work.

3.3.2 Stress and strain induced martensite

Stress-assisted as well as strain-induced martensite formation occurs between an upper
temperature limit My and Ms. As in case of the formation of athermal martensite, at M the
difference of free energy between austenite and martensite is the same as the driving force of
martensitic transformation and no external energy is needed to initiate the transformation. At
a certain temperature T above M, the difference of Gibbs free energy between martensite and
austenite becomes smaller than the driving force of martensitic transformation (Fig. 3.16). To
initiate the martensitic transformation, the gap between the Gibbs free energy difference of
austenite and martensite (4G ""(T) and the driving force of martensite transformation (4G
M) needs to be overcome by increasing internal strain energy of austenite using external
stress. The external stress will destabilize the austenite phase and increase Ms. A linear
relationship between external stress and Mg has been determined in Fe-Ni-C and Fe-Ni-Cr-C
alloys by Bolling and Richman [Gfbo69, 70-1, 70-2, Rhri71] (Fig. 3.15). By increasing the
loading temperature T, the gap between 4G "™(T) and 4G """ becomes larger, so that higher
stresses are needed to initiate martensitic transformation (Fig. 3.16). Therefore, after reaching
the maximal yield strength oy at M¢, strain-induced martensitic nucleation which needs lower
stress will dominate the continuation of transformation for higher loading temperatures
[Gbol72]. At higher temperatures e.g. 7 > MZ, the stress needed to initiate stress-assisted
martensite formation has to be larger than the yield strength at that temperature which cannot

be achieved in practice.

? Difference between classical homogenous nucleation theory and reaction path theory see [Gbol06,Tjza52]
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Strain-induced martensitic formation was first explained by Olson and Cohen using an
intersection-shear mechanism [Gbol72]. The formation of martensite nucleation embryos is
generated by two {111}<112> intersecting shear systems [Gbol72]. One is called T/3 shear

with a displacement in the order of af—gc<112> and the other called T/2 shear with a

displacement of %<112> on the {111} slip plane [Lbra07]. During plastic deformation

more and more {111}<112> slip systems will be activated. Such activation results in creation
of new martensite embryos. Different to stress-assisted martensitic transformation, where its
evolution depends on the same nucleation embryos, the strain-induced martensitic
transformation is sustained by the formation of new martensite nuclei [Gbol72]. Since the
strain-induced martensitic transformation is directly related to slip, the factors that influence

the slip formation directly control the martensitic transformations kinetic.
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3.4 Models for strain induced martensitic transformation

Models developed to describe the strain induced martensitic transformations kinetic explain
the relationship between the martensite volume fraction fy and plastic strain ¢ The
mathematical formulas in these models should contain all or at least the most important
influence factors like temperature, grain size, chemical compositions etc. In the past few
decades after strain induced martensitic transformation was found, the relationship between
these factors and the martensitic transformation rate has already been identified in many
works [Jchill, Ksug92, Gnha96, Rece56, Jtal05 and HnhaO4].

3.4.1 Influence factors for strain induced martensitic transformation

The influence factors that have significant impact on strain induced martensitic
transformation have been identified in literature (s. above) as shape, location, and size of the
austenite grains as well as chemical composition of austenite, plastic deformation mode,
strain rate and loading temperature. Before establishing a mathematical model, the

relationships between each factor and the martensite phase fraction will be reviewed:
Microstructure (Shape and location of austenite grain)

In TRIP steels the stabilization of retained austenite is achieved by special heat treatments
and addition of different alloying elements [Jchill, Ksug92]. The work hardening behavior
(Fig. 3.17 left) as well as the martensitic transformation rate (Fig. 3.17 right) of TRIP steels of
two different austenite microstructures resulting from different heat treatments (lamellar and
equiaxed), were observed to be significantly different. Compared to the TRIP steel with
equiaxed microstructure, the TRIP steel with lamellar microstructure has higher work
hardening exponent n value (Fig. 3.17, n > 0.2, formation of martensite) at higher strains
which corresponds to a slower transformation rate, and consequently, higher stability of
retained austenite. The results indicate that the grain form plays an important role in the
austenite stability. Furthermore it could be shown that the location/surrounding of the
austenite grains is of similar importance. Lamellar austenite grains are surrounded by harder
bainite, whereas the equiaxed austenite grains are surrounded by ferrite. The harder bainite is
able to bear more stress and strain as the ferrite thereby enhancing the austenite stability
[Jchill].
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Figure 3.17 The instantaneous n (left) and transformed percentage of initial retained austenite as a function
of true strain (right) for equiaxed and lamellar microstructures of TRIP steel with a bainite hold
of 100s at 450°C [Jchill].

Microstructure (austenite grain size)

The effect of grain size on the strain induced martensitic transformation has been
investigated for many different steel alloys like Fe-C-Mn-Si TRIP steel [Gnha96], Fe - 30wt%
Ni alloy [Rece56], Fe - 31 wt% Ni - 0.28 wt% C steel [Mume75] to name a few. Finer
austenite grains increase the austenite stability by reducing the probability of forming
martensite nucleation sites. This is clearly reflected in the decrease of Ms temperature with

reducing grain size (Fig. 3.18).
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Figure 3.18 Measured M and as a function of austenite grain size (AGS) [Agarl5].
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However, the correlation between Mg temperature and the austenite grain size is different
for different grain size ranges. The finer the grain size, the higher the correlation between Mg
temperature and grain size will be. Once the grain size reaches a certain value, for example in
case of Fe - 31 wt% Ni - 0.28 wt% C steel this is around 150 um, the Ms is seemingly not
affected by further grain size changes any more. The reason behind the change in slope of the
M;s vs. grain size plot has not been understood sufficiently until now and is still a matter of
debate.

Chemical composition

Alloying elements in austenite decrease the Ms by increasing the chemical driving force for
the martensite transformation. According to their crystallographic location, the alloying
elements can be divided into two types. Nonmetallic alloying elements with small atomic
radii like C, N, O are located in octahedral interstitial sites of the austenite, while metals like
Ni, Cr, Mn, Cu substitute Fe in its original site positions. Either of them lead to distortion in
the austenite lattice and decrease of the free Gibbs energy of austenite and therefore stabilize
the austenite lattice. In numerous studies on the effects of alloying elements on the martensite
start temperature Ms it has been shown that among all elements, carbon is by far the strongest
austenite stabilizer per weight percentage (wt%) (see Figure 3.19 and [Esro46, Wste56,
Kwan65, Asto12, Ragr46, Ccap03, Smcv12]).
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Figure 3.19 Ms temperature of Fe-X binary system [Mizu70]

However, the carbon content in steels needs to be limited to retain good ductility and
corrosion resistance properties. Thus stabilization of retained austenite in steels is achieved

mainly using large amounts of additional and expensive alloying elements like Ni, Cr or Mn.
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On the other hand the carbon content in ADI is high (~3.6 wt%) and stabilization of retained
austenite can be achieved through the heat treatment alone without or with only a small

amount of additional alloying elements.

Deformation mode

The effect of deformation mode on the martensitic transformation has been studied for
instance in 304 stainless steel (Fig. 3.20). The morphology of martensite formation is different
with different deformation modes [Tiwa98]. The influence of this factor on the martensitic
transformation is also temperature dependent. At lower deformation temperature, the
martensitic transformation rate is less affected by the deformation mode. The higher the
temperature is, the greater the difference in martensitic transformation rate with different
deformation modes.

However, the effect of deformation mode on martensitic transformation is not widely
studied in different materials. This lack of sufficient data makes this factor difficult to be

expressed and quantified in mathematical models.
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Figure 3.20 Plot of martensite phase fraction and plastic strain in 304 austenitic stainless steel [Tiwa98].
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Strain rate € and loading temperature T

The effect of strain rate on the martensitic transformation was found being mainly related
to adiabatic heating of the deformed material caused by high strain rates [Jtal05, HnhaO4].
The adiabatic heating result from the phase transformation and the plastic deformation, and it
decreases the chemical driving force of martensitic transformation. Since the strain rate causes
changes in the sample temperature, it can be combined with loading temperature into one
parameter in corresponding models (Fig. 3.21).
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Figure 3.21 Martensite volume fraction in 204M stainless steel during tension for various strain rates (left).

Sample temperature rise during tension for various strain rates (right) [Hnha04].

In the last few decades several models were developed to describe strain induced
martensitic transformation kinetics in TRIP and other austenitic steels. Widely accepted
models were developed by Olsen-Cohen [Gbol75], Stringfellow [Rgst92] and Burke-
Matsumura-Tsuchida (BMT-model) [Jbur65, Omat87, Ntsu00].

3.4.2 Nucleation model

Olson and Cohen [Gbol75] regarded shear-band intersections as the primary nucleation
sites for the strain induced martensite formation. This model yields a sigmoidal curve
saturating before complete transformation and adequately describes the kinetics of the phase
transformation in austenitic steels with just two temperature dependent parameters. The first
parameter o accounts for the formation of the shear-band intersections as a function of strain
and is dependent on stacking-fault energy. The second parameter f relates the probability of a
shear-band intersection to form a martensitic nucleation site with chemical driving force of
martensite formation.
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It used a simplistic formula to represent a complex problem, which will inevitably produce
some errors. For instance when different materials show a different transformation behavior at
the same loading temperature this formulation cannot fully explain the transformation
behavior. Stringfellow and co-workers therefore tried to advance this model realizing that the
cause for strain induced martensitic transformation not only depends on plastic strain and
temperature, but also on the stress state of austenite, austenite grain size and alloying
compositions [Rgst92, Jbur65, Omat87, Ntsu00].

fu/fa =1 —exp{—PB[1 — exp(—ae)]"* Olsen-Cohen model  (3.3)

fu: volume fraction of martensite

fa: volume fraction of initial austenite

a: parameter dependent on stacking-fault energy
p: parameter related to chemical driving force

n: exponent dependent on material

3.4.3 Relaxation of internal strain energy model

Shin et al [Hcsh01] have proposed a model where the martensitic transformation is
considered as a continuous relaxation process of internal strain energy accumulated during
plastic deformation. The transformation is realized as a successive two stage processes with
formation of nucleation sites at locations of high internal strain energy like shear-band
intersections and grain boundaries and ensuing martensitic transformation at these sites
described above by Olson and Cohen. The model relates directly the austenite stability to the
strain induced martensite transformation rate, also taking into account the corresponding

deformation mode.

fulfs = 1= exp{—=B(e — &))"} (3.4)

fu: volume fraction of martensite

fs: saturation value of martensite volume fraction

f: stability of austenite

e: plastic strain

go: critical inelastic strain where martensitic nucleation starts

n: deformation mode parameter

The parameters o, which describes the dependence on stacking-fault energy, and B, which

describes the relationship on the chemical driving force, in Olson’s and Cohen’s model
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(equation (3.3)) have been converted into parameter f (austenite stability) in this new model
(equation (3.4)). A series of previous studies have shown (section 3.4.1 ) [Jchill, Ksug92,
Gnha%6, Rece56, Jtal05 and HnhaO4], that the relationship between plastic strain and
martensite phase fraction is been affected by various factors, such as chemical composition of
austenite, grain size, grain shape, loading temperature, strain rate etc. The changes in these
factors ultimately affect the stability of austenite. Thus the new model integrates all the
influencing factors onto austenite, using the austenite stability to characterize the most
important influence factors which is the greatest advancement of the new model. However,
the austenite stability in the new model is only expressed as a numerical value and is not

clearly defined. Hence it will be studied and discussed further in this work.
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4. Experimental Procedures

4.1 ADI sample preparation

The base material cast ductile iron was produced by Bosch Rexroth AG with the dimension
of 140 mm x 110 mm x 20 mm plates. Its chemical composition is listed in table 1 (see also
[Psaal6]). Three different alloying compositions were cast varying only in the nickel content
(Table 4.1). These three types of cast ductile iron were then machined to standard threaded
cylindrical tensile samples for tension experiments, cylindrical shaped samples for
compression and low temperature experiments and strip-shaped samples for cold rolling tests.
The process parameters for the different ADI heat treatments [Lmeil3, Psaal6] carried out on
samples are listed in table 4.2. While the samples for tension and cold rolling were heat
treated in a salt bath, the samples for compression and low temperature experiments were heat

treated in a mirror furnace with inert Ar gas atmosphere [Lmeil3, Psaal6].

Table 4.1 Chemical composition of the starting cast ductile iron material used for the heat treatments.

Elementary chemical C Si Mn Ni Cu, Mo, P, S Fe

compositions in wt%
3.6~3.7 23 |02 0 05 15 less than 0.08 balance

4.2 Optical microscopy

The ADI samples with the heat treatment and deformation parameters as listed in table 4.2
and section 4.4 were embedded in thermosetting embedding agents using an ATM OPAL 410
heat embedding machine. After stepwise grinding and polishing of different levels, the ADI
samples were etched by a color etching method [Fhai08] using LePera solution (1 wt%
Na,S,0s in aqueous dilution and 4 vol% picric acid in ethanol) for 10 to 30 s. The phases with
different colors were characterized using a Leica DM 600 microscope and are shown in

section 5.1.
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Table 4.2 Heat treatment conditions of ADI before plastic deformation. The second column indicates the
austenitsation temperature the sample sets were subjected to (marked by “x”), the third column
shows the corresponding austempering temperatures and the last column indicates the Ni
content.

Austenitization T, | Austempering Tags .
Ni content
ADI samples [K] [K]
Owt% 0.5wt% 1.5wt%
1173 1223 573 623 673
Tensile samples X X X X X X

Compression samples X X X X x x x
Cold rolling samples X x X x X

4.3 SEM and TEM

The same samples prepared for optical microscopy were also used for investigation with
high resolution SEM using a Zeiss NVison 40 focused-ion-beam-system (FIB).

For TEM experiments three further ADI samples austenitized at 900°C and austempered at
350°C (unstrained, 42% strained and quenched to 77 K) were mechanical polished to 100 pum
and cut into a round sheet with a diameter of 2 mm. Finally, the center of the samples was
electro-polished in GATANG691 machine at 4.5 Volt at 6° to 100 nm thickness. A JEM2100
transmission electron microscope was conducted at room temperature to determine the true
morphology of ““ausferrite””. The morphology and orientation relationship of the phases in
ADI were confirmed in bright/dark field of TEM images by the calculation of the spots in
selected area diffraction pattern (SADP).

4.4 Tensile, compression and cold rolling experiment

The samples for neutron diffraction experiments after plastic deformation were prepared as

follows:
Tensile deformation:

The six groups (2T, x 3Tass X 1 Ni content, table 2) of cylindrical tensile ADI samples
(dimension: gauge length = 30 mm, diameter = 6 mm, M10 threads) were deformed in a
stepwise manner using a test rig [Mhoel3] from 0% strain level to fracture with a 0.5%
increment in strain. The strain was measured using a clip on strain gauge (Instron type 2620-
602). Typical stress-strain curves of tensile ADI samples (T, = 900°C, Taus = 300, 350 and
400°C) are shown exemplarily in Figure 1a. In the case of tensile deformation, in-situ neutron
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diffraction measurements were performed on these samples to determine the phase fractions.
The plastic strain of tensile samples was calculated according to the corresponding stress-
strain curves (Fig. 1b). In contrast, pre-deformed samples were used for the texture

measurements.
Compression deformation:

The nine groups (1T, x 3Taws X 3 Ni contents, table 2) of cylindrical ADI samples
(dimension: length = 10 mm, diameter = 6 mm) were prepared for the compression tests. The
length/diameter dimensions of the samples were chosen according to the ASTM and the
German DIN standard 5100 such as to avoid buckling. Sample surfaces were carefully
machined to be parallel and lubricated to minimize barrelling in accordance with the ASTM
standard E9-89a for compression testing. The samples were then deformed ex-situ using the
test rig [Mhoe13] at a strain rate of 3.7~4 x10™*s™ from 0% to 45% strain level with 5% or 10%
increment in strain. Due to the small dimensions no strain gauge could be attached to the
sample. Therefore the strain during deformation was determined by the crosshead position of
the tensile rig taking into account the elastic deformation of the rig. Finally the true strain of
the samples was checked and calculated by measuring the change in length of the samples

after each compression using a high precision calliper.
Cold rolling:

The three groups (1T, X 1Taus X 3 Ni contents, table 2) of long strip-shaped ADI samples
(dimension: length 100 mm, thickness 4 mm, width 6mm) were cold rolled with a laboratory
rolling device. The cold rolling was performed at a strain rate of about 3x10%s™ according to
the calculation of thickness change and the average cold rolling time. The samples were

deformed ex-situ from 0% to 50% strain level with 10% increment in strain.

4.5 In-situ synchrotron diffraction of ADI during heat treatment

The in-situ synchrotron diffraction measurements were performed at beamline P07 PETRA
[1I/DESY [Norb14]. The purpose of the measurements is to indicate the carbon diffusion in
ferrite grains during the austempering. A Béahr DIL805 quenching dilatometer with induction
heating was used for the in-situ ADI heat treatment during the synchrotron measurements to
ensure high quenching rates as well as excellent temperature stability (Fig. 4.1). For this the
respective cylindrical ADI sample (0 wt% Ni content, dimension: length 10 mm, diameter 4
mm) with a thermocouple welded on its surface (ensure the accuracy of the sample

temperature change as shown in Figure 4.1) was placed in the center of heating collar, fixed
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by the two deformation poles of the dilatometer. The experiment conditions and parameters
are shown in table 4.3.

Table 4.3 Austempering conditions of ADI samples prepared for synchrotron diffraction measurements
and synchrotron measurement time resolution. All the ADI samples were austenitized at 900°C for 30 min. The
wave length of synchrotron beam is 0.14235 A and the sample-detector distance is 1558.6 mm.

Austempering Tags ] . Time in fast mode
oc Time [min] with time
[°C] resolution 2s [min]
450 30 5
ADI (0 wt% Ni) 200 20 10
350 60 20
300 90 30
250 120 45

1000 o -
Austenitization 900°C ’ Austempering 450°C
800 - | 6 s to temperature stability
%r—)! 4204
- hing~10s —~
qis) 600 T Quenc lng S /400 18’!2 IX‘IS lx'm IS’ZI IK‘Z-& Ix’27 |xl30
é C)Austempering 450°C
g 400 -
(]
o
200
O » 1 = 1 . 1 = 1 v 1 N 1
0 500 1000 1500 2000 2500 3000
time [s]
Figure 4.1 Measured temperature curve of the ADI heat treatment process by using quenching dilatometer

showing the excellent temperature stability of this setup.

4.6 Atom-Probe-Tomography (APT)

To visualize the carbon distribution on the atomic level APT measurements were
performed under the conditions shown in table 4.4. From three separately austempered ADI

samples (Tays = 300°C, 375°C and 425°C) small needlelike specimen for APT measurements
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were prepared by standard electro-polishing method [Djlal3]. The size of the needle tip area
is about 250 nm x 60 nm x 60 nm. The chemical compositions in austenite, ferrite grains and
their interface boundaries have been determined. In addition, the spatial structure of phases

with a grain size smaller than 50 nm can be characterized using APT.

Table 4.4 Atom probe tomography measurement parameters.
) Pulse
APT mode Detection rate Pulse rate ) Temperature
energy/fraction
Voltage mode 0.5% 200 kHz 50 pJ 50 K
Laser mode 0.5% 200 kHz 20 % 50 K

4.7 Determination of Mg -Start —Temperature

In order to determine the M temperature as a function of different austempering

temperatures and Ni contents dilatometry as well as neutron diffraction was used.
4.7.1 Dilatometer

A Bahr DIL805 quenching dilatometer with induction heating was used to determine M; of
ADI samples above room temperature. The sample temperature was measured by a
thermocouple welded on its surface. Each sample was heated with a heating rate of 200 K/s to
1173 K (900 °C) and austenitized at this temperature for 30 min until the carbon content
equilibrium in austenite was reached [Lmeil3], followed by rapid quenching to austempering
temperature (573 K (300 °C), 623 K (350 °C) and 673 K (400 °C)) with a cooling rate of 100
K/s. The austempering time varied from 0 min to 20 min (incomplete austempering). After
austempering the samples were quenched with helium gas with a constant cooling rate of 2
K/s to room temperature. Ms was determined as the point of change in the volume expansion
according to Yang and Badeshia [Hsya07].

4.7.2 Neutron diffraction

For samples austempered longer than 20 min the Ms temperature is below room
temperature at which the phase transformation could not be observed using the dilatometer.
Therefore nine groups of ADI samples (heat treatment and chemical composition are the same
as for the compression samples in table 4.2) austempered longer than 20 min were quenched
in a modified continuous-flow cryostat to different temperatures between 77 K and 160 K (see
Figure 4.2 for this setup). The austempering times (e.g. 22 min at Tays =673 K (400 °C), 30
min at 623 K (350 °C) and 60 min at 573 K (300 °C)) were chosen according to Saal [Psaal6]
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as the point in time when the phase transformation reaches its plateau and the carbon content
stays constant. High resolution neutron powder diffraction data were taken from the samples
and quantitative phase analysis was performed to calculate the resulting martensite volume

fraction fy; with respect to the initial austenite fraction fa.

Valve Rod

/ |- ADI sample

Cryostat (vacuum)

_i— Cold head filled
quench w with copper pOWdel'

Figure 4.2 Configuration of the modified continuous-flow cryostat with a bed of copper powder installed

on its cold head. The samples were then mounted on a moveable rod and introduced into the
cryostat via a vacuum valve into the copper powder to be quenched down to the desired
temperature.

Table 4.5 Initial austenite and ferrite phase fraction in ADI (with 3 different nickel content, austenitized
at 1173 K (900 °C) and austempered at 3 different temperatures) from Rietveld-refinement of
the neutron diffraction data using Maud (error bars are calculated as the mean deviation from
the results of the refinements when changing different line broadening, size-strain models
during the fitting process). The phase fractions of the initial heat treated samples were derived
without taking into account texture.

Tﬁn::tsgfj:;”[?q 573 (300 °C) 623 (350 °C) 673 (400 °C)
Phase [vol%] Austenite Ferrite Austenite Ferrite Austenite Ferrite
0 Wwt% Ni 22.4(03) | 77.6(0.3) | 335(0.9) | 66.5(1.0) | 40.2(1.2) | 59.8(1.2)
0.5 Wt% Ni 221(0.2) | 77.9(0.2) | 35.8(1.1) | 64.2(1.1) | 46.1(1.4) | 53.9(1.4)
1.5 Wt% Ni 25.9(0.3) | 74.1(0.3) | 39.6(0.5) | 60.4(0.5) | 47.2(1.4) | 52.8(1.3)
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Figure 4.3 Fraction of martensite fy/fa in ADI (Owt% Ni) vs. Ty quench temperature. The samples were
austempered at 300°C, 350°C and 400°C, respectively.

Exemplarily, the results of samples with Owt% Ni are shown in Figure 4.3 as a function of
guenching temperature. From the calculated martensite fractions the Ms temperature can be
calculated using the Koistinen-Marburger (K-M) [Dpko59] relation as described later in detail

in section 5.5.

4.8 Small angle scattering using neutron diffraction

Small angle neutron scattering (SANS) is well suited for characterizing the size
distribution of nm-sized particles in ADI. The small angle scattering measurements using
neutron diffraction were carried out at the SANS-1 instrument of FRM Il [Aheil5]. The ADI
material contains ferromagnetic ferrite and nonmagnetic austenite, so the SANS signal
consists of a magnetic part and a nuclear part. Only the nuclear part can reveal the grain size
distribution. In order to obtain the information on the nuclear part more accurately, the two
sets of ADI samples were measured by SANS-1 at an average neutron wavelength of A = 12
nm in 0 Tesla/1.5 Tesla magnetic fields in order to be able to separate nuclear and magnetic
scattering contributions. The sample-detector distance was set at 20m, 8m and 2m resulting in

Q-range from 0.013 nm™ to 2.6 nm™, where

Q= 47” X sind (4.1)
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One of the sets of ADI samples was austenitized at 900°C and austempered separately at
275°C, 300°C, 350°C and 400°C without deformation. The other set of ADI samples was
austempered at 350°C and compressed to 0%, 10%, 20%, 30% and 44% strain levels. The
heat treatment and compression deformation conditions were as the same as in section 4.1 and

4.4, respectively.

4.9 Texture analysis using neutron diffraction

For all ADI samples complete pole figures of ferrite (110) and (200) and austenite (111)
and (200) reflections were measured at the materials science diffractometer STRESS-SPEC at
FRM 1l [Mhof15] with a wavelength of 1.68 A using a Ge (311) monochromator. In the
measurements the loading direction (LD) of the compression samples and the normal
direction (ND) of the cold rolling samples were perpendicular to the incoming beam direction
(Fig. 4.4).

Compression Cold rolling

Figure 4.4 (Left) Measurement configuration with a compression sample at STRESS-SPEC [Mhof15].
(Right) Definitions of the sample coordinate system of the compression (and tension) and cold
rolling specimen used for pole figure measurements. LD: loading direction; ND: normal

direction; TD: transverse direction; RD: rolling direction.

The orientation distribution functions of crystallites (ODFs) and then the inverse pole
figures were calculated from the measured complete pole figures using the harmonic method
[Mdah89].

4.10 Phase analysis using neutron diffraction

High resolution neutron powder diffraction data were collected using the diffractometer
SPODI at FRM Il [Mhoel5] within a 26 range = 10~152° and step width of A28 = 0.05°. The
wavelength was set to 1.5483 A using a Ge (551) monochromator. For quantitative phase
analysis the software package MAUD [LIut97, Mfer94] was used in which texture
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information via the ODF and Rietveld refinement methods can be combined. The
corresponding texture parameters were based on the ODF determined at diffractometer
STRESS-SPEC.
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5. Data analysis, Results and Discussion

5.1 Microstructure of ADI

5.1.1 Optical microscopy

After color etching with LePera-solution all the known phases in ADI can be characterized
by different colors: spherical black graphite, needle like blue ferrite, white retained austenite
region (Fig. 5.1a) and brown strain induced martensite within retained austenite region in
compressed ADI (Fig. 5.1b).

Figure 5.1 Microstructure of ADI under optical microscope, A = austenite, F = ferrite and M = martensite.

a) unstrained ADI austempered at 400°C for 20 min. b) compressed ADI of a) to 42% strain

level.

The existing duplex ferrite/austenite structure (ausferrite) which depends on the
austempering temperature and time dominates the mechanical properties of ADI. The
relationship between the morphology of ausferrite matrix, heat treatment conditions
(austenitization temperature T,, austempering temperature Tags and time) and its influences to
mechanical properties has already been studied in [Leopl5, Psaal6, Mkac07] using the
optical microscope and mechanical testing in details. Due to the limited magnification of
optical microscope, the needle like blue ferrite region was estimated to have a length ranging
from several microns up to tens of microns with a width of dozens or hundreds of nanometers
to several micrometers, while the retained austenite grain size in the micrometer range. For
martensite it was not possible to extract the grain size properly by optical microscopy.
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512 SEM
Comparing the SEM image (Fig. 5.2) with the images from the optical microscope (Fig.
5.1), it is observed that the blue needle-like ferrite region in Figure 5.1 is actually the part

which was corroded by the etching solution.
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Figure 5.2 Microstructure of ADIs (austempered at Tp,s = 275, 300, 350 and 400 °C, austempering time

varied by Tay) under SEM (Magnification 10000x). The degree of etching in sample
austempered at 350°C is less than that of other samples, so the color and morphology of phases
appear different compared to the other samples shown here. The ADI austempered at 400°C

has been compressed to 30% strain level.

The ferrite region shows a clear dendritic structure and austenite region shows a blocky
structure in the SEM (Fig. 5.2). However, the area of the eroded ferrite which was etched
cannot fully reflect the size and the original appearance of its grain. In addition, SEM cannot
provide clear grain boundary information for grains with grain size in nanometer range.
Therefore SEM measurements are not able to confirm directly whether a continuous ferrite
region stems from a single ferrite grain or not. As the same limitation in spatial resolution

applies, electron backscatter diffraction (EBSD) is also not able to solve this problem.
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Reducing the degree of etching and increasing the magnification of SEM, the

microstructure of ADI presents a different view as shown in Figure 5.3.
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Figure 5.3 Microstructure of ADI austempered at 350°C for 30 min. a) 10000% magnification, b) 30000x

magnification and c¢) 70000x magnification.

After mild etching, ferrite and austenite regions are clearly visible. The acicular black areas
in Figure 5.3 a, b) correspond to the black areas considered to be ferrite in Figures 5.1 and 5.2.
The surrounding grey areas correspond to the blocky austenite areas in Figures 5.1 and 5.2. In
addition to that, a large number of irregular lamellar structures appear homogenously
distributed on the whole sample surface (Fig. 5.3).

The size of these lamellas are estimated to have a length of 100 ~ 200 nm and a width of
10 ~ 20 nm. These lamellar structures coincide with the austenite films simulations [Adbol7-
1] and have been confirmed also later in section 5.1.3 in TEM measurements. The areas
between the lamellar structures correspond to ferrite (Fig. 5.3 c). Hence the complete
morphology of ferrite and austenite seems to be more complicated than the images shown in
Figure 5.1 and 5.2 suggest, and it consist of acicular ferrite and blocky austenite and
additional austenite films (Fig. 5.4) as suggested in the model of Boccardo [Adbol7-1].
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Figure 5.4 (top) Volume element of a graphite nodule in ADI, which shows the morphology of ausferrite

as it is proposed to model the ausferritic transformation [Adbol17-1]. (bottom) Microstructure

of ADI sample austempered at 350°C for 30 min.

513 TEM

TEM measurements on three ADI samples (austempered at 350°C, unstrained, strained and
quenched) with much higher magnification and without etching effect (some grains are
eroded out by etching solution) were applied to investigate the orientation relationship and the
grain morphology of austenite, ferrite and martensite for more details. In contrast to the
optical microscopy and the SEM the samples for TEM were prepared using electropolishing

to thicknesses of 100 nm (see chapter 4.3 for details). Under this preparation condition, all the
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phases (grains) in the observed area in TEM images are kept intact, unlike the samples
prepared for SEM, some phase (ferrite) were eroded by the etching solution. It also explained
why the morphology of the observed ADI is not exactly the same in TEM and SEM.

In previous studies of steels containing ferrite and austenite [Jbsel3, Fgca08, Brsh14],

ferrite was found exhibiting white colour and austenite exhibiting black colour in bright field

TEM investigations (BF). Therefore we assume the same holds for ADI materials.
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Figure 5.5 a) TEM micrograph (BF) of ADI austempered at 350°C for 30min. b) The corresponding
SADP taken from the red circle in a). ¢) Dark field image of a) using the circle marked signal
in b).
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Figure 5.5 (a, b) shows a typical BF TEM image and its corresponding selected area
diffraction pattern (SADP) pattern of ausferrite morphology in ADI austempered at 350°C. In
this ADI sample, the morphology and orientation relationship of ferrite and austenite in ADI
has been investigated. The shape of austenite grains is mainly needle-mesh like, rarely
appearing in massive blocks (Fig. 5.5 c¢)). In contrast, the shape of ferrite is mostly massive.
This is completely different from what was observed under the optical microscope (Fig. 5.1),
but is quite consistent with the results observed from SEM (Fig. 5.3). According to the size
and shape of austenite (Fig. 5.5 c), the needle-like phase appearing in Figure 5.3 has been
confirmed as austenite. Combining Figures 5.3 and 5.5, the needle like austenite grain size
can be estimated with a length of about 100~500 nm and width of 20~100 nm, respectively,
the ferrite has a grain size of 50~300 nm. In addition, a typical N-W orientation relationship
([001]r // [011] ) between austenite and ferrite was found in ADI (Fig. 5.5 b).

In the same ADI sample a small amount of carbide precipitation has been observed in the
vicinity of austenite grains after intensive TEM investigation (Fig. 5.6 c)). Four types of stable
carbides (0-FesC, FesC, h-Fe;C3 and y-Fex3Cg) are the most likely to form in cast iron
[Awiell, Cmfa09]. Due to the location of the carbide spots in SADP (Fig. 5.6 b), the crystal
structure of carbide has been calculated to be closest to y-Fe3Cgs. The formation of carbide
provides a possible and reasonable explanation for the appearance of the carbon gap in ADI.
The reason for its formation, location and chemical composition will be discussed in section
5.4 together with the APT results.
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Figure 5.6 a) TEM micrograph (bright field) of ADI austempered at 350°C for 30min. b) The
corresponding SADP taken from the whole area of a). ¢) Dark field image of a) using the circle
marked signal in b).

Athermal martensite in quenched ADI material has been found using SADP to have a
typical K-S orientation relationship with the surrounding austenite matrix (Fig. 5.7 a, b). The
crystal structure of bct martensite is close to bcc ferrite and exhibits a light grey colour in the
BF TEM image (Fig. 5.7 c). Due to the constraints of the initial retained austenite morphology,
the martensite grain morphology is not regular, and varies between small lath and plate like

shapes with a grain size of 10~50 nm.
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Figure 5.7 a) TEM micrograph (bright field) of ADI austempered at 350°C for 30min and quenched with
liquid N, to 77K. b) The corresponding SADP taken from the whole area of a). c) Bright field
image of the sample at another location where the typical morphology of martensite in the
quenched sample can be more clearly seen. Martensite can be identified as white/grey areas in
the black needles.
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Figure 5.8 a) TEM micrograph (bright field) of ADI austempered at 350°C for 30min and compressed to
42% strain level. b) The corresponding SADP taken from the whole area of a), extra spots were
marked with red arrow. ¢) Bright field image of the sample at another location where the

second morphology of martensite in the compressed sample is shown.

Different from the athermal martensite, the morphology of strain induced martensite is
composed of plate like martensite as main component and twinned martensite within plate
martensite matrix as substructure (Fig. 5.8 a). The SADP (Fig. 5.8 b) indicates the twin spots
(yellow) in addition to the normal bct [110] zone diffraction spots and the red arrows indicate
two extra twin spots at 1/3(112) and 2/3(112) in addition to the main martensite matrix. These

extra spots have been observed frequently in martensitic steels and are always considered to
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be double diffraction of the {112}<111> twinning structure between the martensite matrix
and twin [Hylel0, Astol3]. In a recent report these extra spots have been confirmed by the

high resolution TEM, correspond to a nanoscale, metastable ® phase in high carbon steel
[Twlil5].
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5.2 Size distribution of different phases in ADI

Commonly used line broadening analysis methods for the grain size and microstrain
estimation are based on the integral breadth method [Dbal99], Fourier method [Bewa50] and
double Voigt method [JilaB80]. The whole calculation process of the simplified integral
breadth method is straightforward and is the basis for all the other line broadening analysis
methods. It works very well and effective if the peak shapes are close to pure Gaussian or
Lorentzian. The Fourier method is susceptible to error due to peak overlapping which limits
its use for crystal structures with high complexity. Nevertheless, it is the most general method
of extracting size and strain information. Finally the double Voigt method offers both
feasibility and accuracy, and is for example implemented in the Rietveld refinement code
MAUD, which was used in this work. The relationship between grain size, microstrain and
austempering temperature Tays has been investigated in section 5.2.1 using line broadening
analysis for the synchrotron diffraction patterns of ADI austempered at different temperatures.
The results were calculated using different methods for comparison. In section 5.2.2, the
influences of austempering temperature and plastic deformation on the grain size distribution

of different phases in ADI have been investigated by small angle neutron scattering.

5.2.1 Determination of size and strain using integral breadth and double VVoigt method

The theoretical basis for size-strain calculation using line broadening analysis begins with
calculation of integral breadth . The whole process of simplified integral breadth method
(Williamson-Hall plot) has been introduced as follows. The calculation process with double
Voigt method is basically the same as integral breadth method (see [Dbal99]).

For Gaussian and Lorentzian peak shape functions the relationship between integral

breadth and full width at half maximum I" can be expressed by equation (5.1).

Lorentzian g = (m/2) X I’ (5.1a)
Gaussian B = {m/(4 x In2)}/? x T (5.1b)

S Integral breadth, the width of a rectangle with the same height and area as the diffraction peak, in radians 26.

I': Full width at half maximum.

The grain size and micro-strain have the following relationship with integral breadth g and
theta 6:
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D, = K X A/{f X cosB} (5.2a)

Etr = L/{4 X tanb} (5.2b)

D,,: Volume weighted crystallite size
&ser. Weighted average stain
K: Scherrer constant, is in the range of 0.87 ~ 1.0.

A: Wavelength of the synchrotron beam.

The observed integral breadth is composed of three parts: instrumental broadening Bins:
crystallite size f;,. and microstrain B.rqin- The instrumental peak broadening B;,s: can be
obtained after Rietveld refinement on the line broadening standard reference sample LaBs.
The equation (5.3a) can then be converted to (5.3b) after substitution of equation (5.2) into
(5.3a).

Lorentzian: {Bobs — Binst} = Bsize T Bstrain
Gaussian: {B2s — B2} = BZ,e + Py (5.3a)
. obs inst size stain :
Lorentzian: {Bobs — Binst} X cos@ = A1/D, + 4&g, X sind
Gaussian: (B2, — B2} X cos?0 = A%2/D? + 16gZ,,,, X sin%6 (5.3b)
: obs inst - v stain :
Bobss Binsts Bsizes Bstrain: ObServed integral breadth, Integral breadth caused by instrument, crystallite size

and microstrain.

The calculated grain size and microstrain of austenite, ferrite of ADIs using simplified
integral breadth method and double Voigt method by analysing the synchrotron diffraction

pattern of experiment part 4.5 are shown in Figures 5.9 and 5.10, respectively.
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Figure 5.9 Calculated average grain size of austenite using integral breadth and double Voigt method.

Due to the instrument resolution, only grain size below about 100 nm can be accurately
evaluated by synchrotron diffraction. The results of SEM and TEM (section 5.1.2 and 5.1.3)
have shown that the size of many ferrite grains is much larger than 100 nm, outside of the
accurate calculation range. This is reflected in the case of using integral breadth method to
calculate the ferrite grain size and strain where it is found, that the size part B, in equation
(5.3a) is almost zero or even negative. Therefore, one can conclude that the full width at half
maximum changes of ferrite reflections in different austempered ADIs are mainly caused by
instrumental effects and microstrains. Although the size of many austenite grains is less than
100nm (Fig. 5.5), austenite with grain size larger than 100nm are clearly present in form of
blocky austenite in ADI (Fig. 5.7). Therefore, the calculated average value of austenite grain
size (Fig. 5.9) can only describe the relationship between the crystallite size of a part of the
austenite grains and austempering temperature, not the average of all austenite grains. In the
existing powder diffraction techniques, there is no method to accurately measure grain size
values spanning a range from a few nanometers to a few microns. However, the results in
Figure 5.9 indicate, a proportional relationship of the austenite grain size to austempering
temperature consistent with the observed results of optical microscopy and SEM.

The discussion on the relationship between grain size and austempering temperature is
based on the mechanism of austenite to ferrite transformation. Whether austenite or ferrite,
their grain sizes are in nanometer-scale (section 5.1.3), and the phase transformations kinetic

is controlled by ferrite nucleation rate and carbon diffusion [Jspe03]. As the austempering
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temperature increases, more and larger ferrite grains nucleate in the unit time. In addition, the
carbon diffusion rate is accelerated, so that the carbon concentration profile at the
austenite/ferrite interface achieved paraequibrilium more rapidly [Jspe03] (= phase
transformation stop). So at high austempering temperature larger austenite and ferrite are
formed eventually while the ferrite and austenite formed at low austempering temperature
have comparably smaller grain sizes. Further results and discussion the relationship between
grain size and austempering temperature is given in section 5.2.2.

The microstrain (lattice strain) caused by the phase transformation, calculated by the

integral breadth and double-Voigt method are illustrated in Figure 5.10.
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Figure 5.10 Calculated average microstrain of austenite a) and ferrite b) using integral breadth

(Williamson-Hall plot) and double-Voigt method.

The microstrains in ferrite and austenite are inversely proportional to the austempering
temperature and the values calculated with the various methods are at the same level. The
microstrain in ferrite is mainly caused by interstitial carbon. The inverse linear relationship of
microstrain in ferrite and austempering temperature (Fig. 5.10 b) can be explained by the
relationship of the content of supersaturated carbon in ferrite and austempering temperature
and will be discussed in more details in chapters 5.3 and 5.4. However, the carbon content in
austenite and austempering temperature does not have a similar relationship as in ferrite.
Previous studies with neutron diffraction confirmed that the carbon content of austenite in
ADI austempered at 350°C was higher than in ADI austempered at other temperatures
[Leopl5]. Moreover, the carbon solubility of austenite is much higher than that of ferrite, so
that the main reason for the appearance of microstrain in austenite is most likely the

constraints imposed by the surrounding ferrite grains.

5.2.2 Size distribution of austenite and ferrite using small angle scattering

The small-angle neutron diffraction SANS can be used to calculate grain size distributions
of different phases in ADI, which cannot be done by the other methods such as line
broadening analysis, SEM and TEM. Nevertheless, to distinguish the different phases within
the size distribution function requires the knowledge from other experiments. The main

purpose of the SANS experiments on the two groups of samples in section 4.8 is to
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understand the effect of austempering temperature and plastic deformation on the size
distribution.

According to the equation (5.4) and the experimental settings (see section 4.8), the
measureable range of grain size was from 3 nm to 162 nm in austempered ADI samples (Fig.

5.11 a) and from 3 nm to 465 nm in compressed ADI samples (Fig. 5.11 b).
d= =" (5.4)

The SANS intensity distribution contains size information of carbide (shown in section 5.1,
Figure 5.6), austenite and part of ferrite. The signal is composed of 2 components, a nuclear
Nuc(q) and magnetic Mag(q) scattering contribution. The information about grain size

distribution is mainly contained in Nuc(q).
1(q,B) = Nuc(q)* + Mag(q)?* x sin*¥(q,B) (5.5)

After comparing and calculating the measured data of samples with 0 Tesla and 1.5 Tesla,
the normalized scattering profile of Nuc(q) has been extracted from the measured data using
standard methods [Lafe87] and shown in Figure 5.11.

Figure 5.11 a) has shown the normalized scattering intensities of unstrained, austempered
ADI samples. The curves in Figure 5.11 a) indicate, the intensities of all the curves 1(q = 0)
are almost the same®, which means, the austempering temperature has no significant effect on
the average grain size and morphology of austenite and ferrite. The average grain size of
austenite and ferrite in ADIs austempered at different temperatures should be all at the same
order of magnitude.

® Intensity ~ scattering volume Vs, Vs is proportional to the volume of particles in the measuring range. It
changed, when size distribution and number of particles changed.
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Figure 5.11
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a) The measured and normalized SANS data (Nuc(q)) of ADIs austempered at 275°C, 300°C,
350°C and 400°C. Q range from 0.03846 nm™ to 2.469nm™, refers to a particle size range from
2.5nmto 162 nm.

b) The measured and normalized SANS data (Nuc(q)) of ADIs austempered at 350°C and
plastic deformed from 0% to 41% strain level. Q range from 0.01348 nm™ to 2.586 nm™, refers

to a particle size range from 2.4 nm to 466 nm.

Figure 5.11 b) shows the normalized scattering intensities of compressively deformed ADI

samples. The intensities 1(q = 0) of curves in Figure 5.11 b are significantly different from
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those of curves in Figure 5.11 a, indicating that the plastic deformation changed the scattering
volume Vs. However, the shape of the curves is not changing significantly, indicating that the
morphology of the grains in ADI is kept basically the same before and after plastic
deformation.

According to the observed microstructure of carbide, ferrite and austenite shown by TEM,
APT (see chapter 5.4) and the typical example plots for different types of related scattering
objects [Jkoh13], the grain sizes of ADI are divided into a large particle region (d > 50 nm,
austenite and ferrite) and a small particle region (d < 50 nm, carbide and carbon cluster). Only
when the appropriate models are selected, the fitting results are meaningful and can truly
reflect the grain morphology and size. The choice of the model is divided into three steps.
First, the possible models to be used are selected after the observation of SEM, TEM and APT
on the samples. Second, according to the comparison of scattering plots and example plots of
the models to be used, the models for further fitting with software can be determined. Third,
the different selected models after step 2 are substituted into software SASfit [Jkoh13] for
fitting and the results are compared with other experimental results (SEM, TEM, APT) to
determine the most appropriate models. Finally, two related models (form factor for scattering
object) were selected in the software SASfit for fitting. The model “Gaussian chain” [Jkoh13]
is more suitable for large particles, while the “Benoit” model [Jkoh13] is suitable for the small
particles. The parameters of fitting have been substituted in equation (5.6) for the calculation
of particle size distribution function and the results were illustrated in Figure 5.12, 5.13 and
5.14.

N 1
h(R) = —F = == exp(

In(R/Ro)?
202

) (5.6)

h(R): Particle weighted size distribution function.
Ng: Number of particles with size R.

N: Total number of particles.

R: Particles size in nm.

R,: Average particle size in nm.

o Width parameter of normal distribution function.

Most of the particles with an average diameter less than 50 nm in ADI material are
carbides or carbon cluster (Fig. 5.12a). Due to their small volume fraction, they are difficult to
detect in the standard phase analysis procedure using diffraction methods (section 5.7).
Comparing the TEM bright field and dark field images in Figure 5.5 with the result of particle

size distribution function, it was observed, that the uneven colour of the white ferrite and
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black austenite regions is due to the fact that these two phases are intertwined and mixed.
Therefore, the white and black regions (ferrite and austenite) in the TEM images (see Figure
5.5 as example) cannot completely display the real morphology of the phases and the particle

size can be described more accurately by the particle size distribution function.
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Figure 5.12 a) 3-D APT map of carbon atoms in ferrite and the 3-D morphology of corresponding carbon
enriched areas in ADI austempered at 350°C.
b) TEM micrograph (BF) of ADI austempered at 350°C.

c) Particle size distribution function of ADI austempered at 350°C.

The number of small particles represented by carbide and carbon clusters decreases as the
austempering temperature increases (Fig. 5.13). This is consistent with the assumption that the
carbon gap decreases with increasing austempering temperature (see chapter 5.4.3 for details).
Such reduction is achieved by reducing the number of particles rather than changing the
average particle size. The austenite and ferrite grain size, which represent the large particles,

increases with increasing austempering temperature and has a wide distribution range. Due to
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the limited measuring range (d < 165 nm), no information on even larger particles can be

derived.
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Figure 5.13 Particle size distribution functions of ADIs austempered at 275°C, 300°C, 350°C and 400°C.
The average particle sizes of large particles in ADIs have been shown in the same colours of

their corresponding curves.

The size distribution functions of ADI austempered at 350°C and plastically deformed to
different compressive strain levels are shown in Figure 5.14. The measuring range has been
expanded for this experiment to 465 nm and the vast majority of particle size information is
included. The effect of plastic deformation on the particle size distribution can be discussed in
two parts. First, the proportion of small particles decreases as the deformation increases and
their distribution range widens. Second, the average size of large particles increases as the
deformation increases, while the particle size distribution becomes gradually more uniform

during plastic deformation (Fig. 5.14c).
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Figure 5.14 a) TEM micrograph (bright field) of ADI (austempered at 350°C for 30min and compressed to
42% strain level), showing the twin structure of martensite.
b) TEM micrograph of the same sample with lower resolution showing the larger grains of
austenite and ferrite.
c) Particle size distribution functions of ADIs austempered at 350°C and plastic deformed to
10%, 20%, 30% und 44%. The x-axis (particle size) was converted to logarithmic form for a

better overview.

The probability of carbide and carbon cluster splitting into smaller particles during the
plastic deformation is quite small. So the change in the small particle region is likely been
caused by the formation of sizeable numbers of martensite grains (Fig. 5.14, subgrains and
twin structures in austenite). The diameter of the martensite grains is slightly larger than

carbides, therefore the average size of small particles also increases with increasing
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deformation (Fig. 5.14 c). A similar change also occurred in the large particle region. Some
large particles (mainly ferrite grains, larger than 465 nm and therefore out of measuring range)
are split into several grains within the measuring range, increasing the overall fraction of large
particles and reducing the fraction of small particles. Although this change has not been
observed in SEM or TEM directly, it can be reasonable speculated from the increasing
average size of large particles and slight rise of the distribution function of large particle
region (Fig. 5.14 c).
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5.3 Phase analysis and carbon content in unstrained ADI
5.3.1 Phase fraction of austenite and ferrite in ADI after heat treatment

The results of the quantitative phase analysis on the unstrained ADI samples using neutron

diffraction (section 4.10) and synchrotron diffraction (section 4.5), are shown in table 5.2.

Table 5.2 Austenite and ferrite phase fraction in ADI (with 3 different nickel content, austenitized at
900 °C and austempered at 5 different temperatures) after Rietveld-refinement using Maud

(error bars are from standard deviation of the Rietveld refinement).

Austempering
Temperature 250 300 350
[°C]

Phase [vol%] Austenite Ferrite Austenite Ferrite Austenite Ferrite
0 wt% Ni 15.1(2) 84.9(1) | 22.4(1) 77.6(2) 33.5(2) 66.5(2)
0.5 wt% Ni X X 22.1(1) 77.9(2) 35.8(2) 64.2(2)
1.5 wt% Ni X X 25.9(1) 74.1(2) 39.6(2) 60.4(2)

Austempering
Temperature 400 450
[°C]
Phase [vol%] Austenite Ferrite Austenite | Ferrite
0 wt% Ni 40.2(2) 59.8(2) 45.0(2) 55.0(1)
0.5 wt% Ni 46.1(2) 53.9(2) X X
1.5 wt% Ni 47.2(2) 52.8(2) X X

5.3.2 Carbon diffusion during heat treatment

In the previous in-situ neutron diffraction study a systematic investigation on the carbon
content changes in austenite and ferrite during austempering was carried out [Leopl5].
However, in this study the neutron diffraction data suffered from some limitations like the
relatively coarse time resolution t > 20 s, the small 20 scattering angle coverage restricting the
phase analysis to just three Bragg reflections [Leopl5, Lmeil3] and the relative large
incremental peak resolution compared to synchrotron diffraction. Hence the peak position of
a crystallographic phase could only be determined accurately in this investigation when the
volume fraction of the phase exceeded over 2%. Therefore in the in-situ neutron diffraction
study on the autempering process [Leopl5, Lmeil3], at the beginning of austempering - e.g.
the first 2 ~ 5 mins depending on austempering temperature -, no information on the
developing ferrite phase has been obtained. In order to compensate the lack of information on
the ferrite phase in this time period, in-situ synchrotron diffraction has been performed to

close this time gap.
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Figure 5.15 Lattice parameter change of ferrite in ADI during quenching and austempering at different

austempering temperatures.

Figure 5.15 shows the evolution of ferrite lattice constant derived from single peak fitting
of the ferrite (110) reflection of the synchrotron diffraction pattern (section 4.5) during
quenching and austempering as a function of time. In all following Figures of this sub chapter
the time t = O is set when the sample temperature reaches the austempering temperature (Fig.
4.1).

After quenching and austempering, the lattice parameter of ferrite eventually reaches a
constant value after a period of some fluctuations. The fluctuations are caused by the
temperature changes during quenching (t < 0) and carbon diffusion during austempering (t >
0). Assuming that the lattice changes in ferrite during austempering are solely from carbon
diffusion and in order to visualize the carbon content changes in ferrite and exclude the
interference of temperature and alloying element silicon using equation (5.7), the lattice
parameter of ferrite has been converted to carbon content using equation (5.7) and 5.8
[Leopl5] with the resulting graph shown in Figures 5.16 and 5.17. The parameter agef(T) in
equation (5.1) is the thermal expansion of ferrite in ADI with 0.0 wt% carbon and corresponds
to al in equation (5.8). The carbon content in ferrite during quenching and austempering has

been shown in Figure 5.16 and 5.17 as a function of time.
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aRel (1) = aﬁi{T (1+al-T+al T?) +a (5.7)

asef (T): Lattice parameter of ferrite at temperature T [A]

Ref

Qg R -

Lattice parameter of ferrite at room temperature (20°C) [A], 2.8663 A
a, : Linear coefficient of thermal expansion, 1.294-10° K

al : Square thermal expansion coefficient, 2.729-10° K2

T : Temperature difference to room temperature [K]

al; : Lattice expansion of ferrite by silicon, 2.5 wt% Si in ADI leads to -0.003A expansion.

al = ad + kS - x§ (5.8)

ag, : Lattice parameter of ferrite
al : Lattice parameter of ferrite by x¢ = 0.0% [A]
k¢ : Lattice expansion coefficient of ferrite caused by carbon atoms, 0.0385 A/wt%

x5 : Carbon content in ferrite [wt%]

Using the high time resolution of the synchrotron measurements the austenite to ferrite
transformation has been observed to start already during the quenching process which took
less than 10 s. The ferrite (110) reflection has been first observed to appear at about 650°C