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ABSTRACT
The process optimization of continuous annealing furnace, RHF 125, for recrystallization
annealing of two steel grades, Sandvik 13C26 and Sandvik 20C has been carried out. To
recreate the continuous annealing process carried out in the roller hearth furnace in the industry,
samples with different cold reduction rates were chosen from ongoing production lines. An
experimental heat treatment model was chosen by the ‘Design of Experiments’ approach from
MODDE (from U-Metrics). The annealing temperature was chosen below the austenization
temperature for both steel grades and soaking time of 30 seconds to 240 seconds were chosen.
Microscopic estimation of fraction recrystallized was performed with the help of Electron Back
Scattered Diffraction, accompanied with mechanical testing methods to measure the hardness
and yield strength of the steel strips. The experimental output was used to create a model to
correlate between the different cold reduction rates and annealing parameters to achieve higher
degree of recrystallization along with desirable mechanical properties. Also, a modified
Johnson-Mehl-Avrami-Kolomogrov model, based on hardness values, to determine the
transformation kinetics by tracking the progress of recrystallization was developed. The model
was verified with EBSD measurements for Sandvik 13C26 strip steels. For 20C,
inhomogeneous recrystallization was observed, thus limiting the model’s adaptability to steels
which exhibit homogeneous recrystallization behavior and negligible change in precipitation
and/or coarsening of secondary phases.
Keywords: Recrystallization, EBSD, Optimization, MODDE, JMAK analysis, strip steels.
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SAMMANFATTNING
Processoptimering av en kontinuerlig glödgningsugn, RHF 125, för rekristallisationsglödgning
av två Sandvik-stål, Sandvik 13C26 och Sandvik 20C, har genomförts. För att återskapa den
kontinuerliga glödgningsprocessen som utförs den verkilga processen i valdes prover och olika
kallreduktionshastigheter
från
pågående
produktionslinjer.
En
experimentell
värmebehandlingsmodell valdes med metoden 'Design of Experiments' med MODDE (från UMetrics). Glödgningstemperaturen valdes till en temperatur under austeniseringstemperaturen
för båda stålen och hålltider varierade från 30 s till 240 s. Mikroskopisk uppskattning av
fraktionen rekristalliserat material utfördes med hjälp av Electron Back Scatter Diffraktion
(EBSD), åtföljd av mekaniska testmetoder för att mäta hårdheten och sträckgränsen för
stålproverna. De experimentella resultaten användes för att skapa en modell för att korrelera
mellan de olika reduktionshastigheterna och glödgningsparametrarna för att uppnå högre grad
av rekristallisation tillsammans med önskvärda mekaniska egenskaper. Dessutom utvecklades
en modifierad Johnson-Mehl-Avrami-Kolomogrov-modell, baserad på hårdhetsvärden, för att
bestämma transformationskinetiken genom att spåra evolutionen för rekristallisation. Modellen
verifierades genom jämförelse med EBSD-mätningarna för Sandvik 13C26 bandstål. För 20 °C
observerades inhomogen rekristallisation, vilket begränsade modellens användbarhet till stål
som uppvisade homogent rekristallisationsbeteende och försumbar förändring i utskiljning
och/eller förgrovning av sekundära faser.
Keywords: Rekristallisation, EBSD, Optimering, MODDE, JMAK-analys, remsstål.
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Glossary of terms
CRR

Cold Reduction rate. It is the fraction of difference between initial
(before cold rolling) and final (after cold rolling) thickness of the
material to initial thickness of the material

DOE

Design of Experiments

DRX

Dynamic recrystallization. Recrystallization occurring
simultaneous with deformation process when the temperature of
deformation is higher

EBSD

Electron Back Scattered Diffraction

EBSP

Electron Back Scattered Patterns

ECD

Equivalent Circular Diameter. It’s the diameter of the circle of
equal area, as of the particle.

FEG-SEM

Field Emission Gun – Scanning Electron Microscope

GOS

Grain Orientation Spread. It is the average of deviation between
the orientation between each point within a grain and the
orientation of the grain.

GTA

Grain Tolerance Angle. Misorientation threshold used to define a
grain. If the angle of misorientation between two neighboring
points is less than the considered value, then the two points are
considered within the same grain

HAGB

High Angle Grain Boundaries. When misorientation is greater
than 15o the boundary between the grains is considered as high
angled.

JMAK

Johnson-Mehl-Avrami- Kolmogorov kinetics model.

LAGB

Low Angled Grain Boundaries. Composed of dislocations, when
the misorientation between two grains is less than 10 to15o, then
the boundary is low angled.

OIM

Orientational Imaging Microscopy

PLR

Partial Least Square regression.

RHF

Roller Hearth Furnace. A continuous annealing furnace used for
heat treatment applications

TEM

Transmission Electron Microscope
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1. INTRODUCTION
Steel is one of the most important discoveries of mankind and revolutionized the world ever
since its advent. This ubiquitous material has undergone many different manufacturing routes
with novel production methods arising ever since the industrial revolution. It is such a unique
product that it can exhibit different properties based on the type of processing method it is
subjected to. With its great versatility and wide application there is a constant demand to
increase its quality and ability to perform better in challenging purposes.
Sandvik AB is a global leader in developing and manufacturing stainless steels for varied
applications, cemented carbides and special alloys. The precision strip division of Sandvik
Materials Technology is a producer of precision strips which find application in compressor
valves, edge applications, springs and shock absorbers. In recent times , there has occasionally
been problems observed in steel products Sandvik 13C26 and 20C relating to lower
recrystallization of the final product which leads to poor performance of the product in
subsequent cold rolling operations and/or service. Hence a study has been done with laboratory
heat treatment on the strips, rolled from the production line, to design an operable matrix with
optimized process parameters for continuous annealing in production. Two different approach
has been carried out, one with the design of experiments approach (using MODDE [1]) which
has randomized the order of experiments with different annealing parameters. Another
approach was proposed, with isothermal annealing of samples at different soaking period at a
temperature equivalent to the production temperature, to study the progress of recrystallization
and carbide morphology. The objective is to formulate the recrystallization kinetics with a
modified Johnson-Mehl-Avrami-Kolomogrov model based on their hardness values.

1.1 SANDVIK 13C26 AND 20C STEELS
13C26 is a ferritic stainless steel (martensitic, when hardened and quenched) grade produced
by Sandvik, for edge applications such as in knives, razor blades, whittling and surgical blades.
It makes a unique mark in application because of its exceptionally fine carbide present in the
microstructure which leads to attaining higher hardness from these steels compared to other
steel grades. The chemical composition of 13C26 steel is given in the Table 1.
Table 1: Chemical Composition of 13C26 steels

Element
Weight %
(Nominal)

Carbon

Chromium

Silicon

Manganese

Iron

0,68

12,9

0,4

0,6

balance

The corrosion resistance of this steel grade is lower when compared with other stainless steels,
because of the relatively higher carbon content with this material. This material is fineblankable which facilitates efficient production of the product. The notable edge performance
and favorable toughness of the material makes this a suitable material for edge applications.
Sandvik 20C (ASTM: 1095) are grades of hardened and tempered carbon steels which can be
described by their excellent fatigue properties, strength and resistance to wear. they also exhibit
good hardness with high ductility, shape and dimensional tolerance. The material also displays
good forming and blanking properties which gives the ability for excellent edge and surface
finishes. The nominal composition of 20C is given in Table 2.
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Table 2: Chemical Composition of 20C steels

Element
Weight %
(Nominal)

Carbon

Silicon

Manganese

Iron

1

0,25

0,45

balance

The higher carbon content in this steel imparts a pearlitic structure along with the presence of
fine cementite in the microstructure. 20C finds application in flapper valves, washers for
automatic transmissions, lapping carriers for semi-conductors, general springs and trowels.

1.2 THERMO-MECHANICAL PROCESSING
Thermo-mechanical processing expresses the combination of mechanical deformation and
heating operations by which specific products with excellent quality are obtained from basic
materials. The term is generally applied for metallic materials but now extensively applied for
polymers, ceramics also. The basic ideology of processing through thermo-mechanical
treatment has evolved since realizing the importance of microstructure evolution through the
forming process. The thermo-mechanical process can be attributed as the combination of the
deformation process and the subsequent heat treatment of that product, both playing a vital part
in the evolution of the final microstructure.
The metal forming process has two subsequent effects on the material. On the macroscopic
level the desired change in its shape is achieved due to the heavy deformation imparted during
processing, while on the microscopic level there is significant change in its microstructure.
Physical and mechanical properties of the metal can be correlated to its microstructure which
relies on processing temperature, mode of deformation, strain rate, strain etc.
Besides various deformation processes such as forging, rolling, extrusion, drawing etc. .the
rolling process is the most significant one because a larger volume of metals (like steels,
aluminium, copper) is processed through rolling than by any other process. A large portion (of
magnitude up to 90%) of these products is subjected to rolling at least once in their production
lifetime. The main advantage of rolling is it enables high-speed manufacturing of these
products with reliable continuity while other deformation methods like forging, are slower [2].
Heat treatment of the material attains its intended outcome by upbringing a change in its atomic
mobility and favoring other phases by making them stable at that temperature which leads to
magnificent changes in the microstructure. There are many heat treatment processes like
annealing, tempering, normalizing which are general and specific processes. Annealing is one
of the primary heat treatments processes whose generic purpose is to decrease the hardness of
a material eventually leading to subsequent processing. Annealing can be further classified
based on the purpose of treatment as spheroidization annealing, recrystallization annealing etc.
or based on the operation temperature as full annealing, inter-critical annealing, isothermal
annealing [3]. In industrial practices annealing of cold rolled strips are commonly performed in
continuous annealing furnaces like roller hearth furnaces (shown in Figure 1). The furnace has
a pre-heating section, for preheating the strips and purging the furnace atmosphere with a
protective gas (such as nitrogen) to avoid oxidation of strips. The strips are further annealed in
the heating section in an inert atmosphere and subsequently cooled at slow cooling and fast
cooling sections [4].
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Figure 1: The different processing segments in continuous annealing furnace (from F.Su et al. [5])

1.3 ETHICAL AND SOCIAL ASPECTS
The thesis work on optimization has been carried with an ethical notion. The final polynomial
relation established by MODDE for SANDVIK 13C26 and 20C steels has not been mentioned,
as it cannot be disclosed by Sandvik AB. The purpose of adopting design of experiments
approach was to randomize the experimentation and eliminate the observer’s influence which
can very well affect the final model built by this work. Randomization of experiments makes it
more relatable to the industrial process. One of the main purposes of the work is to increase the
productivity in the industrial furnace, by reducing the overall annealing time. This will lead to
decrease in furnace operation time subsequently conserving resources and energy.
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2. BACKGROUND
2.1 STRIP STEEL PROCESSING
Strip steel contributes a large share for the steel products that are manufactured. Its
manufacturing route includes a sequence of thermo-mechanical processes, combination of
rolling and annealing process, for fabricating the final product. The primary mechanism of the
process is the deformation imparted from rolling operation and the restoration phenomena
accompanying heat treatment procedures.

2.1.1 ROLLING MECHANISM
The process of rolling and its necessity are mentioned above while the series of events occurring
during rolling, namely the interaction between work roll and the material is the vital part of the
process and the basic ideas defined next considers the forces acting between them. The steel is
introduced within the initial deformation zone due to the frictional forces applied on it by the
rolls, this leads to elastic deformation initially. The steel soon reaches its elastic limit and
remains in permanent deformation force throughout roll gap region, moving to elastic unloading
as soon as it exits from the region. The schematic of different rolling forces and strips interaction
with the rolls are given in Figure 2 [6].

Figure 2: (a) Schematic of the steel strips entry into the roll region. (b) Representation of different forces acting
on the material during rolling [6].

The minimum force required to commence the rolling process is when the coefficient of friction
is higher than the tangent of bite angle, this is often facilitated by tapering the edges of the strip.
At early stages of rolling, the entry of the strip causes a slight elastic deformation of the rolls,
since it is the beginning of deformation for the strip. This leads to small distortion in the position
of the roll and even wear, if the strip has lower degree of formability. The velocity of the strip
also changes as it enters and exits the rolls. Initially the strip is accelerated due to the friction
of rolls and reaches the same velocity of the rolls at the point termed ‘neutral point’ (the region
is known as no-slip region), where maximum shear stress is experienced by the strip from the
rolls. When the neutral region lies between the entry and exit of the strip, there is further
compression and results in increase exit velocity from the rolls. Cold rolling of thin strips
requires attention to reducing the forward slip (to make it negative) so that there is no distortion
4

in its shape and breakage in the direction of rolling. This requires the use of high rolling speed
and employs lubricants with high viscosities which in turn reduces the exiting strip velocity
when compared with the speed of the rolls.

2.1.2 HOT AND COLD ROLLING
Strip steels manufactured from cast ingots/slabs go through both hot rolling and cold rolling
processes. Hot rolling is the deformation process taking place at an elevated temperature
(approximately 0.6 times its melting temperature) at which concurrent recovery and
recrystallization (known as dynamic recrystallization – DRX) takes place. Hot-rolling process
is primarily employed for breaking down the cast structures like macroscopic dendrites. Heavy
reduction of the materials thickness takes place during hot rolling process which is beneficial
in closure of internal porosity arising from casting, alignment and refining of grains, glazing
the outer surface giving a worked surface material with rectangular cross section (the width of
the material is much higher than its thickness). After that the hot band, depending upon the
materials requirement, is annealed, shot-blasted and pickled to remove surface impurities such
as oxide scales formed during hot rolling operations. This leaves a broken and uneven surface.
During subsequent rolling operations, the bulk deformation leaves behind a smooth and glossy
surface [7].
Cold rolling is another deformation process, in which (as the name suggests) the deformation
temperature is well below the hot rolling temperature (normally at room temperature). Both
processes impart heavy deformation and reduction for the material thickness. Unlike hot rolling,
cold rolling is a recurring process, i.e. multiple cold roll passes are made for subsequent
reduction of the thickness. This ensures that the material is not heavily strained during
deformation which may lead to fracture or breakage. Also, heavy deformation of the material
leads to a substantial increase in the material’s strength and hardness due to work hardening
which will wear out the rolls over the period of processing [6].
Ingot casted individually in a mold or continuously cast products are hot rolled in a high
reversing mill between stands with controlled tension, so that defects such as dimensional
intolerances aren’t introduced in the material. This continues until the ingot/slab is elongated
into a long band of strip (with thickness between 1.7 to 5 mm), which is coiled into rolls. After
this based on the requirement of final product, such as if thinner strips, strain hardened product
or a smoother surface is required, the steel sheets are further cold rolled. Cold rolling is done
with precise control of coiling speed to maintain required tension in the inter-strand. If there is
excessive strain hardening with the material during cold rolling, then it must be intermediately
process annealed to reduce it. At the end of processing route, the product comprises of cold
rolled steel, which depending upon the requirement of the product, could be cut into different
steel strips of specified width. These strips are wound into coils interleaved with papers, as
surface protection and for retaining rust or oils present from previous processes.

2.2 RESTORATION OF DEFORMED MICROSTRUCTURE
The energy imparted to the material during cold deformation process primarily contributes to
heating it up while a small fraction of the energy (around 1 %) is transmitted by increasing the
dislocation density of the material. Beyond a certain degree of deformation, the produced
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dislocation starts to annihilate, and the dislocation density cannot increase further. This
corresponds to maximum work-hardening achievable by deformation in a material. This myriad
of imperfections introduced within the material due to deformation, takes it thermodynamically
to a high energy level and places it in a non-equilibrium state. Naturally the material strives to
fall back to equilibrium by lowering the free energy through decreasing the defect density. This
occurs by a set of restoration processes viz. static recovery, static recrystallization and dynamic
recovery when the material is heated to higher temperature as shown in Figure 3 below [8].

Figure 3: Schematic of the restoration of microstructure after rolling [8].

It was previously believed that these three processes occur distinctly while recent development
in microstructural characterization shows that the borderline of the processes are rather blurred
i.e., they can occur simultaneously. For example, nucleation of stress free, undeformed grains
might start even before the completion of recovery phenomenon. The restoration can be
discontinuous, when the restoration process throughout the material is heterogeneous or
continuous, when recovery, recrystallization and grain growth ensue uniformly [9]. The general
mechanism of restoration process however is sequential, starting with recovery and
recrystallization which precedes grain growth. It is often difficult to precisely distinguish the
three process since they overlap with each other [10].

2.2.1 RECOVERY
The partial restoration of the property and microstructure of the deformed material to the value
before deformation, is termed as recovery. In terms of space and time taken during recovery,
the process can be considered homogeneous, it advances gradually and there is no definitive
on-set or end of the process. Since the changes preceding recovery is very faint, it is very
convenient to discuss the mechanism in relevance to microstructure. The mechanism of
recovery is not just confined to plastically deformed structures, it has also been observed in
crystalline structures in a non-equilibrium state with high concentration of crystal defects.
However, in this case it is more interesting to investigate the mechanism of recovery occurring
during annealing of deformed materials. In cold deformed materials, most of the point defects
are annealed out at lower annealing temperatures which does not produce a distinctive stage
during recovery. Recovery occurs by relieving the stored energy within the material by bringing
forth changes in its dislocation structure by rearrangement and annihilation of dislocations
along with sub-grain growth. Both changes occur by combination of dislocation climb, glide or
cross-slip.
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On the contrary, there is significant reduction of the driving force during recovery which
influences the recrystallization kinetics and nature. Distinguishing between two processes is
often difficult, because the nucleation of recrystallized grains is also dependent on the
mechanism of recovery. Practical observation of microstructural changes through
characterization techniques leads to ambiguous interpretation of the same, hence measuring
recovery is convenient by considering the changes in hardness, resistivity or yield stress [11].

2.2.2 RECRYSTALLIZATION
Recrystallisation is a vital part of any thermomechanical process, since it helps in restoring a
deformed metal to a formable and stress-free state. Un-recrystallized steels after deformation
cause wear in the rolls due to their increased strength and hardness (from work hardening) and
may also result in cracking of the steel. The rate at which a metallurgical process progresses
depends upon its composition and previous history of its processing conditions.
Recovery as mentioned before, is a transformation that occurs continuously. Conversely,
recrystallisation occurs with nucleation of strain free grain in certain regions of the material and
consequent growth by consuming recovered or deformed microstructure. As recrystallization
progresses, the material’s microstructure is divided into regions of recrystallized and nonrecrystallized parts, with fraction of recrystallized region ranging between 0 (completely noncrystallized) to 1 (fully recrystallized). The recrystallization from the deformed state to
completely strain free state is termed primary recrystallization while the subsequent grain
growth is sometimes known as secondary recrystallization. Primary recrystallization can be
classified into two stages, nucleation, which denotes the initiation of new, strain free grains
within the microstructure and growth, when the nucleated grains starts to grow in size at the
expense of deformed grains. The process is consecutive with initiation at first and growth of
the grains, hence the recrystallization kinetics are like other phase transformation processes
which include nucleation and growth.
In most cases where recrystallization is considered as a thermally activated process following
the nucleation and growth transformation mechanism driven by the energy stored in the form
of deformation. For that consideration, certain rules are established from various experiments
conducted previously [12-13] which are generally imminent in most materials undergoing
recrystallization.
•

•

In case of recrystallisation, the amount of deformation determines the recrystallisation
kinetics. A minimum degree of cold work is required to necessitate the start of
recrystallization, usually it is the range of 2 % to 20 % cold work.
The degree of cold deformation and corresponding temperature for recrystallization
have an inverse relation i.e. with an increase in the amount of cold work the required
temperature for recrystallization decreases and vice versa [14]. This relationship is
graphically represented in Figure 4(a) [15] while with higher degree of cold reduction
the time required for recrystallization decreases, as shown in figure 4(b) [16].
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4(A)

4(B)

Figure 4: (a) The change in recrystallization temperature with increasing degree of cold deformation for iron
(after Callister2005: Figure 8.23). (b) Tensile strain influence on the kinetics of recrystallization (aluminium
annealed for 350 °C, after Anderson and Mehl, 1945 [16])

•

As you increase the time of annealing, the temperature required for recrystallization to
occur, decreases. This is because recrystallization kinetics is thermally activated and
relationship between temperature and rate can be established by an Arrhenius type
relation (given in equation 2.1). Considering time taken to attain 50 % recrystallization
(t0.5) as a measure for recrystallization rate, a linear relationship between logarithmic of
t0.5 and inverse of recrystallization is expected, as shown in Figure 5 [17].

Figure 5: Plot between time taken for 50% recrystallization as function of recrystallization temperature. (Data
from Fisher, Speich [17])

•

•

The size of the recrystallized grains is primarily dependent on the extent of deformation
or strain rate and is not reliant on the annealing temperature (as shown in Figure 4). The
rate of nucleation or number of nuclei is more influenced by previous deformation strain
than the rate of growth [18].
For a given degree of deformation, there will be an increment in recrystallization
temperature when,
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o The starting grain size is larger. The most favored site for nucleation is grain
boundaries, hence a larger grain size reduces the grain boundary area thereby
lowering the nucleation rate.
o The initial temperature of deformation is higher. Deformation at higher
temperatures leads to concurrent (dynamic) recovery which decreases the stored
energy in the material in comparison with a material deformed at similar strain
rate at lower temperature.
Grain boundaries can be divided based on their misorientation, as low angle grain boundary
(LAGB) and high angle grain boundary (HAGB). The conversion from low to high angle grain
boundary is considered when the misorientation angle changes between 10o to 15o. The
migration of different grain boundaries, low-angle and high-angle play a major role in
recrystallization. During recovery and nucleation of recrystallized grain, the migration of low
angle grain boundary occurs, while high angle grain boundary migration occurs throughout
primary recrystallization and during grain growth or secondary recrystallization.
During recrystallisation process new more equiaxed grains nucleate and grow from the long
and elongated (after cold rolled) deformed grains. This is accompanied by rapid decrease in the
strength of the material with corresponding increase in its ductility. The effect of restoration
process on the mechanical property of the material is schematically represented in Figure 6.
This clearly demonstrates the variation of recrystallization temperature and its respective effect
on tensile strength and ductility, along with the change in microstructure.
The primary recrystallisation is sluggish at the final stages, around 90% and more [19]. This
can be attributed to the simultaneous grain growth or the secondary recrystallization process,
and low stored deformation energy within the material. Quantifying the recrystallized fraction
can be done by characterization techniques since the transformation is evident in the material’s
microstructure. Earlier optical micrography techniques with electrolytic etching was used for
quantification.

Figure 6: Effect of annealing temperature on ductility and tensile strength of a brass alloy. The size of the grain
is indicated as a function of the annealing temperature (after Callister 2005; Figure:8.22)
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Recently Electron Back Scattered Diffraction (EBSD) has proven to be beneficial since it can
be used to create automatic partition of the grain structure into recrystallized regions and unrecrystallized parts. It is also practically possible to track the recrystallization process based on
measurements of the materials mechanical and physical properties such as yield strength,
indentation hardness or electrical resistivity.

2.3 EBSD ANALYSIS
Electron Back Scattered Diffraction (EBSD) has recently gained a lot of attention, which is
used as an additional technique for characterization along with Scanning Electron Microscope
(SEM). Its advantages include assessing orientation of grains, textures, identification of phase
and correlations of orientation from point to point inside a grain and overall microstructure. The
reason for its gain is popularity can be attributed to its higher speed of data acquisition, ease of
sample preparation and accessing the microstructure information on the submicron scale. The
Electron back scattered patterns (EBSP) are recorded on the phosphor screen when high energy
electrons are projected on the sample surface creating backscatter diffraction (shown in Figure
7). Only a small fraction of electrons recorded by the phosphor screen undergo backscatter
diffraction. Hence to increase the contrast in the pattern, it is superimposed with a background.
The backscatter diffraction produces characteristics pattern lines, called as Kikuchi patterns, on
the phosphor screen, rather than an array of diffraction dots as produced by TEM (Transmission
Electron Microscope). The intersecting kikuchi lines indicates definite zones and is considered
as the representation of the crystal lattice on the screen.

Figure 7: Experimental setup for acquiring EBSD data with SEM.

The experimental setup for EBSD consists of SEM, a device for acquisition of patterns (camera)
and a software for automated analysis. The specimen is mounted in the stage of the SEM and
tilted at 70°, relative to the incident electron beam (as shown in figure). It is recommended to
have higher accelerating voltage to obtain a pattern with high quality, at lower kV the bands are
less sharp and appear broader. The region of analysis with EBSD, is resolved with the SEM and
either point-to-point analysis or regional mapping can be done from acquiring the SEM image
with the EBSD software [20]. The analysis of EBSD data for quantifying recrystallized fraction
is further explained below.
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2.3.1 QUANTIFYING RECRYSTALLIZED FRACTION:
Determining the recrystallized fraction gives a way to track the progress of recrystallization.
Traditionally optical microscopy has been used, employing line intercept method to do the
estimation. But it is tedious and consumes a lot of work in determining the progress. EBSD
provides an easier route and lot of options in analyzing the captured data, some of which are
mentioned here, and the most suitable one can be chosen which will be specific for the material
under investigation.
•

•

•

Partitioning based on pattern quality. The region which remain un/recrystallized
contains high dislocation structures or sub grains. These do not produce analyzable
patterns or have low pattern quality which can be utilized as a criterion. Automated
methods have been employed to distinguish recrystallized regions in steels [21].
From EBSD linescans with higher resolution, a high-resolution scan is obtained by
choosing the step size of scan lesser than the sub-grain size, which leads to very good
definition of high angle and low angle grain boundaries. Hence the final distribution of
grains and sub grains can be used to assess the fraction recrystallized. The advantage of
this method is it can determine the fraction recrystallized in the early period of
recrystallization.
Scanning EBSD maps with high resolution. This is the same as linescan method but
scanning for a whole region gives a quantitative assessment of a region rather than a
line. This method requires prior definition of what a recrystallized grain is to determine
fraction recrystallized. The recrystallized can be defined based on the following
criteria:
o
o
o

Region surrounded by high angle grain boundaries of a certain fraction.
Regions that are bigger than sub grains by a given factor
Regions where pattern quality is higher than a certain value [22].

2.4 EXPERIMENTAL DESIGN AND ANALYSIS
2.4.1 MODDE ANALYSIS
Design and optimization of experiments is necessary to avoid performing random experiments
with low correlation between the dependent parameters. Hence tools such as MODDE [1] are
utilized to methodically investigate different kinds of problems that are encountered in research,
production and development. For planning the experiments in an analytical way, the issue,
which is investigated, must be specific. The important step of analysis is determining the
experimental variable (factors which can be independent, continuously varied or discrete
variables) that can be controlled and the responses (the value of results measured from
experiments) from the experiment, which can be measured. When the definition of the
governing parameters and corresponding responses is done, experiments can be designed,
planned and performed. The experiments are designed in such a way that, with minimum
number of experimental trials the gain of information will be maximum.
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It is rational to consider that the result of an experimental trial is reliant on the input conditions
of the experiment. Hence the outcome can be constructed as a function which is dependent on
the experimental factors as y=f(xi), which can be approximated as a polynomial function. The
polynomial function describes a good relationship between the factors or experimental
parameters and the corresponding result within the defined experimental domain. Three types
of polynomial models are constructed depending upon the relationship between variables and
response. The ‘linear model’ describes only the linear relationship between the variables and
responses. When there are interactions between the experimental variables, it is best described
with ‘second order interaction model’.
y = b0 + b1x1 + b2x2 + residual
(linear model)
y = b0 + b1x1 + b2x2 + b12x1x2 + residual
(second order interaction model)
These two models are utilized for study and investigate the experimental systems such as
screening studies. When a non-linear relationship exists between the variables and results,
quadratic terms needs to be included in the second order interaction model. This is known as
the quadratic model, given below.
y = b0 + b1x1 + b2x2 + b11x12 + b22x22 + b12x1x2 + residual.
When the list of parameters has been estimated, an experimental design must be chosen to
estimate the influence. The MODDE has design models such as full factorial model
(interactional), D-optimal (linear and interaction model) and reduced combinatorial (linear)
models. The full factorial model is limited to determining linear influence of the parameters.
When all the variables are mixed factors, it is recommended to choose D-optimal (where D
represents the determinant of the information matrix) designs for mixtures. It is the only design
which considers the dependence between the factors and very suitable for optimization
experiments, while all other classical designs assume the factors to be independent [1].

2.4.2 MICRO-HARDNESS MODEL FOR QUANTIFYING
RESTORATION PROCESS
Considering the mechanism of transformation for recrystallization, the kinetics of
recrystallization can be given as a function of growth rate and nucleation which can be
expressed as the Johnson-Mehl-Avrami-Kolmogorov model (JMAK) [23] as
Xv = 1 – exp(-ktn)

2.1

In the above equation, ‘Xv’ represents the volume fraction of recrystallized grains, ‘n’ is the
order of the reaction and ‘k’ represents the kinetic parameter depending upon the temperature,
nucleation and growth rate for a given time ‘t’. ‘k’ is temperature dependent, given by an
Arrhenius type relation,
𝑸
𝑹𝑻

k = ko exp (- )

2.2

where ko is a constant, R is gas constant, T is the annealing temperature and Q is the activation
energy. ‘n’ takes different values depending upon the growth, with it between 1 and 2 for onedimensional growth, between 2 and 3 for two-dimensional and between 3 and 4 for threedimensional growth. Also, ‘n’ is insensitive to temperature when there are no changes in the
mechanism [24]. Thus, equation 2.1, hereafter referred to as the JMAK equation, is applicable
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only when there is random distribution of recrystallized grains and further growth of grains
occur independently of other grains [11].
A classical analysis through the JMAK method requires measuring the recrystallized fraction
through the recrystallization time. For the purpose of comparing the classical model with a
modified model based on the micro-hardness values proposed by Kalu et al. [10], the
recrystallized volume fraction is quantified micrographically with typical Orientation Imaging
Microscopes (OIM) image quality graphs of the microstructure, constructed from EBSD data.
A model with modified JMAK to compute the kinetics of restoration such as recovery,
recrystallization and further grain growth from the JMAK equation (equation 2.1) was
constructed, where the transformed fraction is a combined measure of the restoration effect on
mechanical property occurring during recovery, recrystallization and grain growth. This is
expressed by the means of hardness values as:
𝑯𝒐 − 𝑯𝒕

XR = 𝑯𝒐 − 𝑯𝒂𝒏𝒏

2.3

In the above equation, XR denotes the transformed fraction, ‘Ho’ is the micro-hardness of the
cold rolled material, ‘Ht’ is the micro-hardness of the material annealed for time ‘t’ and the fully
recrystallized material’s microhardness is denoted by ‘Hann’. Among the most mechanical
properties of materials, perhaps hardness measurement is the easiest to perform and is used in
production as one of Statistical Process Control (SPC) factors. Therefore, for this study
microhardness (HV) was measured for deformed and annealed samples [25].
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3. MATERIALS AND METHODS
This chapter discusses the sampling and preparation of materials for experimentation and the
methodology chosen for testing and characterization of the samples after heat treatment. The
experimental work consists of heat treating the strip steels followed by measurement of
mechanical properties and characterization of the recrystallized fraction. The hardness of the
samples was measured with micro-hardness tester and the yield strength (to measure its elastic
limit) of the strip is measured by tensile testing. Electron Back Scattered Diffraction analysis
with Field Emission Gun – Scanning Electron Microscope (FEG-SEM) is used for
characterizing the recrystallized fraction, while for 13C26 the carbide statistics are measured
with Tungsten-Scanning Electron Microscope (W-SEM) in Sandvik.

3.1 SAMPLING AND PREPARATION
The samples for 13C26 and 20C steels (trade name for the steels from Sandvik AB, Sweden)
are provided by Sandvik AB. The steels were collected from production after they were cold
rolled, with different degree of cold reductions determined at the production unit. Four samples
of dimensions 360 mm x 500 mm were taken for each degree of cold reduction and taken away
from the rolling ends to avoid inhomogeneity in deformation across the material. The large
strips were prepared for heat treatment trials as shown in Figure 8. The strip of dimension 350
mm x 135 mm (mentioned in figure below) were cut for heat treatment

Figure 8: Sample preparation of strips collected from Cold rolling mills in production.

After heat treatment the tensile specimens were cut from the EBSD samples. The EBSD
samples from the middle of the strip was cut into three small strips (of dimension 20 mm x 20
mm as shown in Figure 8) and hot-mounted with Polyfast into cylindrical specimens of 25 mm
diameter. The mounted samples were prepared in such a way that, new deformations were not
introduced in the specimen. The specimen was first prepared with silicon carbide abrasive paper
(P240 grit) until the surface was flat. Then it was polished with abrasives with diamond
suspensions of 9 µm and 3 µm for 10 minutes each. Final polishing was done by fine oxides
suspensions (of size 0.02 µm). the samples after polishing, were cleaned in an ultrasonic cleaner
for 5 minutes to remove any residues left behind during polishing. Finally, the sample surface
is cleaned with ethanol to remove any grease or dirt on the surface, which might interfere with
the analysis.
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3.2 EXPERIMENTAL DESIGN FOR HEAT TREATMENT
As mentioned previously, in the recrystallization chapter, the three main parameters deciding
the kinetics of recrystallization are prior deformation rate or cold reduction rate, annealing
temperature and soaking time. The parameters chosen for heat treatment trials are given in
Table 3 and Table 4,
Table 3: Input parameters for heat treatment trials of 13C26

Parameter
Cold Reduction
Recrystallisation
Temperature
Soaking time

Abbreviation
Units
CR
%

Type
Multilevel

Input value
29; 51; 58; 62

Temp

°C

Quantitative 685 to 745

Time

sec

Quantitative 30 to 240

Table 4: Input parameters for heat treatment trials of 20C

Name
Cold Reduction
Recrystallisation
Temperature
Soaking Time

Abbreviation
Units
CR
%

Type
Multilevel

Temp

°C

Quantitative 660 to 700

Time

sec

Quantitative 30 to 240

9(A) 1

Settings
37; 43; 55; 60

9(B) 1

Figure 9: Thermo-Calc equilibrium phase fraction plot of amount of phases varying with temperature for (a)
13C26 steel and (b) 20C steels

Samples with different degrees of deformation are already chosen from the production line. The
temperature for annealing is taken below the austenization temperature, determined from
Thermo-Calc simulations of phase fraction in the steel (Figure 9). The soaking time was taken
from 30 s to 240 s, to characterize all three restoration phenomena viz. recovery,
recrystallization and grain growth. The experimental trials designed by MODDE is given in
Table 5 and Table 6.
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Table 5: Experimental design of heat treatment trials for 13C26 steel samples designed by MODDE.

Exp No Run Order
1
2
3
4
5
6
7
8
9
10
11
12
13
14

A13
A9
A10
A11
A1
A8
A2
A6
A4
A3
A14
A7
A5
A12

Cold reduction
rate

Annealing
temperature (°C)

Annealing time
(s)

29
29
29
29
29
29
51
62
62
62
62
58
58
58

685
745
685
745
745
715
715
685
745
685
745
715
715
715

30
30
240
240
135
240
135
30
30
240
240
135
135
135

Table 6: Experimental design of heat treatment trials for 20C steel samples designed by MODDE.

Exp No Run Order
1
2
3
4
5
6
7
8
9
10
11
12
13
14

B1
B7
B12
B5
B13
B9
B2
B6
B4
B14
B10
B3
B11
B8

Cold reduction
rate

Annealing
temperature (°C)

Annealing time
(s)

37
37
37
37
37
43
43
60
60
60
60
55
55
55

660
700
660
700
680
660
680
660
700
660
700
680
680
680

30
30
240
240
135
135
240
30
30
240
240
135
135
135

The D-optimal design was chosen for formulating the experimental design for heat treatment
as mentioned in MODDE analysis, for optimum interaction between the parameters. The 13C26
samples were named after their run order (shown in Table 5) with a prefix ‘A’, while the 20C
samples (run order given in Table 6) had the prefix ‘B’.
The Experimental trial for assessing the modified JMAK model, is designed as an isothermal
process with varying annealing time. The sample with highest degree of deformation from both
13C26 (62%) and 20C (60%) is chosen. The annealing time varies from 30 s, 120 s, 210 s,
300 s, 400 s until 1200 s for full recrystallization and the samples are named as AJ1 to AJ6
16

respectively for 13C26 steel and BJ1 to BJ6 respectively for 20C steel. The sample
nomenclature and annealing conditions are given in Table 7 and Table 8.
Table 7: Sample nomenclature for 13C26 heat treatment for modified-JMAK model
Sample
Name
Annealing
time (S)

AJ1

AJ2

AJ3

AJ4

AJ5

AJ6

30

120

210

300

400

1200

Table 8: Sample nomenclature for 20C heat treatment for modified-JMAK model
Sample
Name
Annealing
time (S)

BJ1

BJ2

BJ3

BJ4

BJ5

BJ6

30

120

210

300

400

1200

3.3 HEAT TREATMENT AND ANALYSIS
The heat treatment was performed in an electrically heated laboratory furnace (as shown in
Figure 10) while the temperature measurements were made by welding the thermocouple to the
right edge of the tensile specimen, shown in Figure 8. Constant heating rate was maintained for
all the samples, to avoid recovery at early stages and eliminate errors in the overall experiment.
After heat treatment the strips were cut for tensile testing and EBSD specimens. The tensile test
specimens were cut from the strip by water jet-cutting method to avoid deformation due to shear.
The tensile test was performed according to DIN EN ISO 6892-1 standards [26]. Microhardness measurements were performed with Buehler’s automatic digital microhardness testers
according to SS-EN-ISO 6507-2 standards [27], with a test load of 1000 g for 13C26 samples
and 500 g for 20C (load was reduced, since the thickness of the materials varied from 1 mm to
0.4 mm).

Figure 10: Laboratory furnace used for heat treatment of the strip steels.

The EBSD analysis were performed with a Field Emission Gun Zeiss Scanning Electron
Microscope (Carl Zeiss Microscopy, Jena, Germany) for 20C samples and LEO 1450 TungstenScanning Electron microscope. Acquisition of data and its post processing were done with OIM
Analysis software version 7.3.1 x64 (03-31-17). For EBSD, the area under analysis was chosen
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to be 165 µm wide and 165 µm high, while the step size of 0.4 µm was chosen. The surfaces
under investigation were normal to rolling direction and in the center of the strip specimens.
For 13C26 samples, after EBSD analysis the sample were etched in Murakamai solution
(solution of 5 gm potassium hydroxide, 5 gm of potassium ferricyanide and 50 ml of distilled
water) for 5 seconds. The sample is cleaned in ultrasonic cleaner with alcohol and dried. The
images for carbide distribution was taken in EVO50 Tungsten – Scanning Electron Microscope
in the Back-Scattered electron mode with inverse mode to highlight the carbides and create a
contrast with a black matrix (see Figure 12). The area of analysis was chosen to be 27 µm wide
and 20µm high (at 4000X magnification) and 10 images was taken for each sample, for analysis.
The images were analyzed with a custom MATLAB program developed at Sandvik Ab, known
as ‘CoolCarbides’ and the analysis were made considering the precipitates with ‘Diamond’
structuring element and at n=3. Carbide information such as number of particles per 100 µm2,
average equivalent circular diameter (ECD) of the carbides (in µm), average size of the carbides
(in µm2), Maximum carbide diameter (µm) are obtained.
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4. RESULTS
The influence of restoration mechanisms on the mechanical properties and microstructure of
the materials have been mentioned in early chapters. Mechanical properties such as yield
strength and hardness gives a qualitative assessment while EBSD analysis will give accurate,
quantitative determination of recrystallized fraction. Computing these data with MODDE will
result with an interaction model where the influence of annealing parameters (factors) on the
observed outcomes is established as a polynomial function.
In this work the quantification of recrystallization is done by scanning area maps with step size
(0.4 µm) and the area of analysis was chosen at 165 µm x 165 µm. The scanned data was
partitioned based on three criteria.
•
•

The pattern quality, specified as confidence index (CI) in OIM Analysis software, is
taken to be more than 0.1 for the first criteria.
The grain tolerance angle (GTA) is chosen to be more than 5 and grain orientation
spread (a measure of misorientation within the grains) value less than 2. The variation
of GOS with grain tolerance is given in Figure 11.

Figure 11: Plot of grain orientation spread against area fraction of grains for different tolerance angles.

The deformed grains have higher misorientation, hence their value for orientation spread
will be higher. Hence using a cutoff certain value based on the fully recrystallized
sample can be helpful in partitioning the deformed grains.
•

The minimum grain size of 1 µm is chosen, to avoid taking sub-grains into consideration.

While making the EBSD scans, only the ferrite phase was considered for indexing the patterns,
with the assumption that deformation of carbide (M23C6 or cementite) is negligible in
comparison with the matrix deformation. Hence, after partitioning the data based on the above
criteria, the phase map was constructed to estimate the fraction of ferrite in the analyzed area
which is equivalent to the fraction recrystallized.

4.1 13C26
The result for ferritic stainless steels after annealing at different conditions are given below
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4.1.1 MODDE TRIALS
Initially the mechanical properties of the material in annealed and cold deformed conditions are
analyzed. For this measurements of micro-hardness and yield strength (which demonstrates the
elastic behavior of the stainless steel) are made which are given below in Table 9.
Table 9: Micro-hardness and yield strength for the stainless steel in annealed and deformed conditions.

Exp Run
Cold
Annealing Annealing Hardness Difference
Yield
No Order reduction temperature time (s)
average
in
Strength
rate (%)
(°C)
(HV)
Hardness
(Mpa)
(HV)
1 A13
29
685
30
209
97
401
2
A9
29
745
30
199
107
379
3 A10
29
685
240
209
97
400
4 A11
29
745
240
205
101
375
5
A1
29
745
135
247
59
352
6
A8
29
715
240
194
112
355
306
873
Series 1 - 29% Cold red.
7
A2
51
715
135
225
126
514
351

Series 2- 51% Cold red.

1072

8

A6

62

685

30

224

143

566

9

A4

62

745

30

230

137

575

10

A3

62

685

240

239

128

573

11

A14

62

745

240

225

142

569

135

367
209

128

1165
461

135

210

127

474

12

A7

13

A5

Series 3 - 62% Cold red.
58
715
58

715

337

Series 4 - 58% Cold red.

1074

The carbide statistics were also calculated from BSE images of the microstructure taken at 27
µm wide and 20 µm high (at 4000X magnification) and 10 images was taken for each sample
(as shown in Figure 12).

Figure 12: Carbide density images taken for samples A1 and A3 at 4000X Magnification.
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The carbide statistics taken into consideration are area fraction of carbides (from the image),
number of carbides in an area of 100 µm2, average equivalent circular diameter (ECD) and
maximum carbide diameter in microns. The values are given in the Table 10.
Table 10: Carbide statistics for the stainless-steel specimens at annealed and cold deformed conditions.

Run
Order

Annealing
temperat
ure (°C)

Annealin
g time (s)

A13
685
30
A9
745
30
A10
685
240
A11
745
240
A1
745
135
A8
715
240
Series 1 - 29% Cold red.
A2
715
135
Series 2- 51% Cold red.
A6
685
30
A4
745
30
A3
685
240
A14
745
240
Series 3 - 62% Cold red.
A7
715
135
A5
715
135
Series 4 - 58% Cold red.

Area
percent
%

Number of
particles (per
100 µm2)
86
54
82
86
33
71

Average
particle
diameter
(µm)
0.36
0.4
0.37
0.38
0.4
0.395

Maximum
particle
diameter
(µm)
1.17
1.28
1.16
1.2
1.19
1.37

10.87
8.3
10.53
11.25
5
10.9
12.97

89

0.384

1.16

15.53
10.14
14.3
13.97

92
65
88
87

0.42
0.404
0.41
0.41

1.32
1.37
1.25
1.19

7.32
14.53

45
74

0.405
0.45

1.31
1.55

The band contrast images taken at 2000 magnification for four samples are given in Figure 13,
to demonstrate the recovered and recrystallized grains. The four samples of same cold reduction
rate of 62 % are considered and the band contrast images are given in Figure 13.
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Figure 13: Band contrast images for samples A6, A4, A3 and A14 (62% reduction) respectively, taken at
2000X magnification

The corresponding images with partitioned data and phase fraction images (equivalent to
recrystallized fraction) are shown in Figure 14.
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Figure 14: phase fraction images for samples A6, A4, A3 and A14 (62% reduction) respectively, taken at 2000X
magnification.

The average of recrystallized fraction of three scans, are given in Table 11.
Table 11: Average of recrystallized fraction for 13C26 steels.

Run Order
A13
A9
A10
A11
A1
A8
A2
A6
A4
A3
A14
A7
A5

Annealing temperature
Annealing time (s)
(°C)
685
30
745
30
685
240
745
240
745
135
715
240
Series 1 - 29% Cold red.
715
135
Series 2- 51% Cold red.
685
30
745
30
685
240
745
240
Series 3 - 62% Cold red.
715
135
715
135
Series 4 - 58% Cold red.
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Recrystallization fraction (%)
74.89
89.38
85.51
91.09
83.35
91.36
81.1
75.43
76.78
73.18
77.77
85.24
82.9

4.1.2 MODIFIED JMAK MODEL
Assessment of modified JMAK model is made with measuring the same properties as of
MODDE trials. It is convenient to measure the progress of recrystallization and corresponding
changes with an isothermal experiment; hence, this assessment is made by annealing at 700 °C.
The hardness measurement and assessment of recrystallization based on eq 2.3 is shown in
Table 12.
Table 12: Micro-hardness values and modified JMAK model results along with EBSD characterization values
for 62 % cold rolled ferritic stainless steel annealed at 705 °C.

Run Order

Annealing time
(s)

AJ1
AJ2
AJ3
AJ4
AJ5
AJ6

30
120
210
300
400
1200

Cold Reduction – 62%

Average
Hardness
(HV)
254
234
227
224
221
211

Difference in
Hardness
(HV)
113
133
140
143
146
156

Microhardness
model (%)
72
85
90
92
94
100

EBSD
Recrystallization
65.4
84.4
87.3
90.2
91.3
96.9

367

The change in carbide morphology during the annealing time is captured with BSD images
and the precipitate statistics are shown in Figure 15.
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Figure 15: Carbide density images for cold reduced sample (62 %) and annealed samples taken at 2000x
magnification.

The analysis of carbide precipitate from Figure 15 and the different statistics are mentioned in
Table 13.
Table 13: Carbide precipitate statistics for 62 % deformed and annealed specimens of 13C26 steels

Sample Name
Cold reduced
AJ1 – 30 s
AJ2 – 120 s
AJ3 – 210 s
AJ4 – 300 s
AJ5 – 400 s
AJ6 – 1200 s

Area percent %
15.12
11.46
10
14
14.1
14.42
14.12

No of particles
(per 100 µm2)
83
77
72
84
77
70
85
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Average
particle
diameter
(µm)

Maximum
particle
diameter
(µm)

0.43
0.39
0.38
0.41
0.44
0.48
0.42

1.25
1.34
1.26
1.37
1.32
1.49
1.37

4.2 20C
The results for carbon steel (20C) at cold rolled and different annealing conditions are given
in the following subsections

4.2.1 MODDE TRIALS
The mechanical properties of the material, hardness and yield strength values at deformed at
annealed conditions are given in Table 14.
Table 14: Micro-hardness and yield strength values for 20C steels.

Exp Run
Cold
Annealing Annealing Hardness Difference
Yield
No Order reduction temperature
time (s)
average
in
Strength
rate (%)
(°C)
(HV)
Hardness
(MPa)
(HV)
1
B1
37
660
30
205
120
546
2
B7
37
700
30
214
111
561
3
B12
37
660
240
197
128
569
4
B5
37
700
240
225
100
537
5
B13
37
680
135
202
123
553
Series 1 - 37% Cold red.
325
896
6
B9
43
660
135
309
32
787
7
B2
43
680
240
296
45
718
Series 2- 43% Cold red.
341
1189
8
B6
60
660
30
216
123
626
9
B4
60
700
30
214
125
636
10
B14
60
660
240
217
122
653
11
B10
60
700
240
212
127
631
Series 3 - 60% Cold red.
339
0
1017
12
B3
55
680
135
216
111
648
13
B11
55
680
135
215
112
651
Series 4 - 55% Cold red.
327
1040
The band contrast images for specimen of reduction 60% and treated at different annealing
conditions (samples B4, B6, B10 and B14) are given in Figure 16.
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Figure 16:Band contrast images for 20C steel cold reduced to 60% its original thickness and annealed at
different conditions ((a)B6, (b) B4, (c) B14 and (d) B10 are given.

The corresponding partitioned image with ferrite and cementite phase fraction are given in
Figure 17.
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Figure 17: Phase fraction image for (a) B6, (b) B4, (c) B14 and (d) B10 are given.

Two scans each were made for an annealed specimen whose value along with the average are
given in Table 15.
Table 15: Degree of recrystallization (%) for 20C annealed specimens following MODDE trials.

Exp No
1
2
3
4
5
6
7
8
9
10
11
12
13

Annealing
temperature (°C)
B1
660
B7
700
B12
660
B5
700
B13
680
Series 1 - 37% Cold red.
B9
660
B2
680
Series 2- 43% Cold red.
B6
660
B4
700
B14
660
B10
700
Series 3 - 60% Cold red.
B3
680
B11
680
Series 4 - 55% Cold red.

Run Order
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Annealing
time (s)
30
30
240
240
135

Recrystallized
fraction (%)
80.3
91.6
92.5
92.5
93.3

135
240

45.8
65.8

30
30
240
240

90
93.1
92
89.6

135
135

90.1
91

4.2.2 MODIFIED JMAK MODEL
The assessment of the modified JMAK model based on micro-hardness values is performed
with an isothermal experiment. The temperature for the experiment is the same temperature at
which the 20C steels are annealed in the Rolling Hearth Furnace (RHF at Sandvik AB). Hence
the samples are annealed at 695°C at varying annealing time. The hardness measurement and
assessment of recrystallization (based on equation 2.3) is shown in the Table 16.
Table 16: Micro-hardness values and modified JMAK model results along with EBSD characterization values
for 60% cold rolled 20C steel annealed at 695 °C.

Run
Order

Annealing
time (s)

BJ1
30
BJ2
120
BJ3
210
BJ4
300
BJ5
400
BJ6
1200
Cold reduction - 60%

Hardness
average
(HV)

Difference in
Hardness
(HV)

Microhardness
model (%)

EBSD
Recrystallization
(%)

226
216
210
205
202
197
339

113
123
129
134
137
142

79.6
86.6
90.8
94.4
96.5
100.0

77
93.3
90.88
93.4
93.6
84.4
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5. DISCUSSION
5.1 MODDE TRIALS
The results of experiments conducted by the MODDE design are given in MODDE trials. The
values are updated in the MODDE worksheet and the models are calculated with PLS (Partial
least Squares) regression. The default fit model type is MLR (Multi-Linear Regression model)
which estimates equal interaction of all the input parameters. However, from Recrystallization
chapter it is given that the extent of cold reduction is the primary parameter which influences
the temperature and time of annealing (refer Figure 4). Additionally, PLS identifies the outlier
in the matrix (which is difficult in classical method or MLR) and is not limited by number of
experiments and model’s degree of freedom. Hence, after detection of outlier, some data from
additional experimentation can be included for fitting of model [28].
Only models for recrystallization and hardness decrease are discussed, as the carbide
precipitation or growth is not significant through recrystallization annealing process (Table 13).

5.1.1 13C26 STAINLESS STEELS
The model identifies the outlier for the experiment A1 which has the lowest difference in
hardness (HV) and also the carbide statistics for A1 is low, with number density (number of
particles per 100µm2) at 33 and the area fraction of carbides is very low at 5 %. The sample A1
was annealed at 745 °C, there might be a possibility of martensite formation (since it is very
close to austenization temperature). The summary of fit (a) with outlier and (b) without outlier
is given in the histogram plot (in Figure 18).
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Figure 18: Summary of fit for the model (a) with outlier and (b) without outlier for 13C26 steels

Here,
•
•
•
•

R2 is the variation of the response measured by the model, it describes how well the
model fits the data.
Q2 is the variation of response predicted by the model by cross validation. It describes
how well can the model predict new data.
Model validity gives information on how valid the current model is. A minimum of 0.25
is required for a valid model with significantly less errors.
Reproducibility calculates the variation of response under same input conditions,
generally at center point. It is desired to have a reproducibility value over 0.85, to have
less pure error and display good control over experiments.

It is evident from Figure 18, that the model validity (for hardness model especially) is more
when the outlier (sample A1) is removed from the responses. Also, the R2 and Q2 values
increase for both recrystallization degree and hardness decrease models. Hence, the outliers can
be excluded from the responses, for the model. The coefficients plot is given in Figure 19.

Figure 19: Coefficients plot for 13C26 MODDE experiments excluding the outlier values for the hardness
model.

After analysis the summary of fit, the coefficients plot is taken into consideration (Figure 19).
The coefficients in the plot, represent the coefficients of the factors (input variables) that will
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be used in the proposed polynomial function by MODDE (similar to the second-order
interaction model equation given in MODDE analysis chapter). Along with coefficients, the
interval present in the plot is known as the confidence interval which determines the positive
correlation (if it is above 0) or negative (when it is below 0). For example, if cold reduction has
positive coefficients then the influence of cold reduction is positive i.e. with increase in cold
reduction the degree of recrystallization increases. The length of coefficients in plot directly
reflects on its influence on the response. However, from the Figure 19, the coefficients for the
cold reduction factor (from recrystallization model) is negative which proposes an inverse
relation between cold reduction and recrystallization. This is in contrary to theory and hence
the recrystallization model cannot be adopted as an optimized model.
The hardness model has better display of coefficients in the plot, with higher confidence interval
and high values for cold reduction coefficients. Also, the temperature and time factors have
positive coefficients value while its confidence interval is less than that of cold reductions. This
agrees with theory, implies that cold reduction is the most influential parameter when compared
with temperature and time. Hence the hardness decrease model can be adopted as an optimized
model, to predict new data for future annealing trials (also because of high Q2) values. The
contour of hardness decrease, developed by MODDE is given in Figure 20 below.

Figure 20: Contours differing with annealing time for hardness decrease with cold reduction vs annealing
temperature plots.

5.1.2 20C STEELS
The results for 20C steel’s MODDE experiments are shown in 20C. The model identifies two
outliers at 43 % cold reduction rate. The possible explanation being the fact that the samples
were only cold rolled from an annealed hot rolled structure. Hence the proper history of prior
deformation (before cold reduction) for those two samples are not present. The model for
cementite density is not taken into consideration (given the fraction of cementite present was
between 3-5 % in the material after annealing), instead attention was paid to yield strength
models that seemed to be worth to be assessed. The plot for summary of model fits are given in
Figure 21 below.
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Figure 21: Summary of fit for the model (a) with outlier and (b) without outlier for 20C steels

The effect of outliers is imminent when it is removed from the responses field for fitting the
model. The qualities of the model such as the model fit (R2), predictability of new data (Q2)
and model validity changes substantially when the outliers are removed from consideration. It
must be noticed the Q2 value and the model validity (which is below 0.25) for hardness model
is very poor. The fit of values to the model is not great (R2) when compared with the
recrystallization model. Hence, the recrystallization model can be considered for further
development.
The coefficient plot does not show good agreement as Figure 19, but the coefficients display a
positive value (positive relation). The coefficients plot is given in Figure 22.
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Figure 22: Coefficients plot for 20C MODDE experiments excluding the outlier values, for the recrystallization
model.

The 3D contour map for varying cold reduction and annealing temperature is given for
different annealing times in Figure 23.

Figure 23: Contours differing with annealing time for recrystallization degree, with cold reduction vs annealing
temperature plots.

From Figure 23, it can be seen that the model predictability of recrystallization is in accordance
with theory, with increasing cold reduction and annealing temperature the degree of
transformation increases. The model exhibits poor predictability when the amount of
transformation or recrystallization reaches 90%. This can be explained by the erroneous
behavior of recrystallization at the final stages, since simultaneous grain growth occurs.
Sinclair et al. [19] has observed very slow recrystallization at the final stages (after 90 %
recrystallization). It is generally accepted that the decrease in rate of recrystallization can be
attributed to progressive decrease in stored energy and rapid restoration of the grains with
{001}<110> grains. Hence while the grain growth may occur in already recrystallized grains,
it is observed from the microstructure that, grains with orientation {001}<110> are last to be
eliminated [29].
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5.2 MODIFIED JMAK MODEL
The progress of recrystallization with time for 13C26 steel specimen is given in Figure 24.

Figure 24: progress of recrystallization through different annealing time for 13C26.

Also, the change in grain size for different annealed samples is given in Figure 25.

Figure 25: variation of grain size diameter (µm) for samples heat treated at (a) 30 s, 120 s and 210 s (b) 300 s,
400 s and 1200 s

The recrystallization starts at an early stage and reaches around 65 % in 30 s. Hence, it is
difficult to calculate the recovery kinetics. Also, the early stages of recrystallization (below
60 %) cannot be accounted, since relatively high recrystallization is achieved at 30 s. The
correlation between the proposed hardness model and EBSD values seems to be relevant, while
the calculation of recrystallization parameters is given below
The JMAK equation for calculating the recrystallization kinetics is given in eq 2.1 as
Xv = 1 – exp(-ktn)
To analyze the data obtained from the isothermal experiments (given in Table 12 and Table 16),
the above equation must be re-written in the form given below
ln (

1
(1−𝑋𝑣)

) = ktn

(5.1)

The is expressed as,
ln ( ln (

1
(1−𝑋𝑣)

) ) = ln (k) + n ln (t)
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(5.2)

According to the above equation, plotting the ‘ln ( ln (

1
(1−𝑋𝑣)

) )’ against the ‘ln (t)’ gives a

straight line, since ‘k’ is constant for a given temperature (equation 2.2). Hence, from the plot
the values for n (order of the reaction) is the slope of the line while ‘ln(k)’ value is obtained
from the y-intercept The plot of the ‘ln ( ln (

1
(1−𝑋𝑣)

) )’ against the ‘ln (t)’ for 13C26 steel is

given in Figure 26, along with the best fit trendline.

Figure 26: plot of the ‘ln ( ln ( 1/((1-Xv))) )’ against the ‘ln (t)’ for 13C26 steel

The order of the reaction, ‘n’ value is 0.3356 for the hardness model and 0.3141 for the values
of recrystallization obtained from EBSD quantification. The value for kinetic parameter, ‘k’,
obtained from the plot if for the temperature at which the experiment is conducted (at 705 °C).
The kinetic parameter is given by an Arrhenius type relation in equation (2.2) as
k = ko exp (-Q/RT)
which can be re-written as,

ln (k) = ln (ko) -

𝑄
𝑅𝑇

(5.3)
(5.4)

Plotting ln (k) against 1/T (in K) will also result in a straight line, in which the slope of the line
yields Q/R, from which the value of activation energy can be calculated. The y-intercept of the
plot gives the value for ‘k0’. However, this experiment was conducted with only one isothermal
experiment, hence different values of the kinetic parameter at different temperatures cannot be
obtained. However, the results for 13C26 demonstrates that the modified JMAK method with
micro-hardness measurements can be adopted for calculation of recrystallization and growth
kinetics, for the 13C26 sample.
Hence the recrystallization and growth kinetics for 13C26 steel cold reduced at 62% and
annealed at 705°C is given as
XV = 1 – exp (-0.387 t0.3141), on the basis of EBSD data

(5.5)

XV = 1 – exp (-0.382 t0.3356), based on Hardness model

(5.6)

The plot to check any variation in carbide density and diameter for 13C26, is given in Figure 27.
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Figure 27: Plots for (a) Average diameter and maximum diameter of carbides and (b) number density (per
100µm2) with varying annealing time

Like 13C26 analysis, the progression of recrystallization with varying annealing time,
calculated by EBSD quantification and modified hardness model is given in Figure 28.

Figure 28: Progress of recrystallization through different annealing time for 20C.

From Table 16 and Figure 28, it can be seen that the value of recrystallization displays an
unusual trend and decreases (instead of increasing) at the higher annealing time. Hence the
microstructure of the sample annealed at 1200 s was analyzed and given in Figure 29.
The Grain size (diameter in µm) chart for 20C steels annealed at different annealing time (s) is
given in Figure 29.

Figure 29: Variation of grain size diameter (um) for samples annealed at 695°C for (a) 30s, 120s and 210s (b)
300s, 400s and 1200s
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As it is evident from the grain size plot, there is no significant grain growth when compared
with different annealing times. Hence the microstructure of the sample annealed at 1200 s was
analyzed and given in Figure 30.

Figure 30: Phase map for the sample annealed at 1200s (BJ6) and partitioned based on the criteria mentioned
before.

The ferrite phase is highlighted with red, while the cementite precipitate is evenly distributed
and highlighted in blue. The deformed region (partitioned from ferrite and cementite) is
partitioned from the recrystallized region, based on the criteria mentioned in Results section.
As can be seen, there is inhomogeneity in recrystallization within the material, with more
deformed region near the surface (in contact with the rolls). Also, the thickness of the sample
is 0.4 mm, while scan region is 0.165 mm wide. Hence, the inhomogeneity in microstructure
cannot be avoided while making the EBSD scans. This inhomogeneity in recrystallization
cannot be identified while making the measurements with Micro-hardness, since the indentation
looks fairly normal in LOM (as it can be seen in Figure 31).

Figure 31: Indentation marks with Micro-hardness indenter.
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6. CONCLUSION
The experiments performed with MODDE analysis and modified JMAK model were conducted
and the following conclusions have been reached
• For 13C26, with MODDE analysis, the recrystallization model has lower validity because
of the lack of proper recrystallization of the annealed samples. The samples annealed for
modified JMAK model were continuously annealed, hence there was steady progress of
recrystallization. Whereas, the MODDE samples were each annealed from scratch, hence
the heating rate may have been different for each experiment, leading to longer or shorter
overall annealing period, leading to the variation in annealing and subsequent
recrystallization.
• The hardness decrease model has better validity for 13C26 steels with high fit and ability
to predict new data.
• For 20C, the MODDE analysis gives a recrystallization model which exhibits agreeable
trends for recrystallization values until 90 %. For higher degree of the recrystallization the
model’s validity is lower because of the slow approach to recrystallization in final stages
(due to reduced stored energy)
• The carbide precipitation or coarsening was not noticeable across the various annealing
time for 13C26. It can be because of lower annealing time required for recrystallization.
• The difficulty with quantifying the recovery and the early commencement of
recrystallization can be attributed to the slow heating rate of the laboratory furnace.
However higher rates of heating cannot be achieved in the industrial furnace; hence it can
be enough to calculate only the recrystallization kinetics for these samples.
• The modified model cannot be used as a replacement for EBSD, in quantifying
recrystallization. However, the assessment of recrystallization kinetics can be done with
the modified model when there is homogeneous recrystallization. Hence, EBSD analysis
can be done after annealing, for selected samples, to assure homogeneity in
recrystallization and the hardness model can be used to formulate the recrystallization
kinetics.
• The modified JMAK model based on micro-hardness values can be adapted for 13C26,
while for 20C, the values are similar when the recrystallization is homogeneous in the
material. Hence, complete assessment of the model’s adaptability for 20C remains
unverified.
• Both MODDE and JMAK models are helpful pre-requisites for further construction of
temperature models in the furnace, i.e., prediction of the actual strip temperature as a
function of furnace parameter, as models can indicate the target window for temperature,
soaking time and cold reduction, in order to attain an optimal recrystallization.
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7. FURTHER WORK
Based on the results obtained from current work, some further research is suggested, which are
described below,
•

•

•

To assess the kinetic parameter function, different isothermal experiments should be
performed for different cold reduced samples. This will lead to the calculation of
activation energy, for each cold reduced sample. From this the recrystallization kinetics
can be established and fraction of recrystallization can be assessed for the given
annealing temperature and time, without experimentation.
Experiments based on different heating rates with Differential Scanning Calorimetry
(DSC) were not performed in this work, since it will be difficult to distinguish between
the recrystallization and precipitation peaks. As it has been observed that there is no
noticeable change in carbide precipitation during recrystallization, further work can be
performed in DSC with different heating rates. Also, it might be easier to calculate the
recovery kinetics for 13C26 with DSC experiments at shorter annealing time. Earlier
experiments are performed by Qi and Zhang on gold alloys [30], which can be replicated
for the two materials taken into consideration for this study.
Investigating the recrystallization effect on the electrical resistivity of steels can be made.
Heavily deformed materials will have lot of dislocation structures which increases the
resistivity of the material. With growth of stress-free grains, there will be continuous
decrease in resistivity which can be correlated with the fraction recrystallized in the
material.

40

8. ACKNOWLEDGEMENT
I would like to thank Strip department of Sandvik Materials Technology in Sandviken, for
supporting the project and Sorin Ionescu-Gabor from Sandvik AB, Sandviken for his incredible
support and guidance throughout this project. I would also like to express my gratitude and
thank my Supervisor at MSE-KTH, Greta Lindwall for supporting and providing valuable input
throughout the thesis period. I also want to thank Anette Sjöberg from Sandvik AB, for helping
me with helpful inputs and discussions. I would like to thank Raveendra Siriki and Jerry
Lindqvist from Sandvik AB, for constantly helping me with EBSD and SEM, also in analyzing
my results.
I would like to thank Adelin Nzomwit, Pär Hedqvist, Henrik Öberg and Pirjo Säfström, from
Sandvik AB, for their aid in heat treatment, sample preparation, hardness measurements,
characterization and measuring carbide statistics. I would also like to thank Abhinandan Chiney
and Manas Paliwal from Sandvik Asia Private Limited for their support.

41

9. REFERENCES
[1] Lundstedt et al., “Experimental design and optimization,” Chemometrics and Intelligent
Laboratory Systems, vol. 42, no. 1–2, pp. 3–40, 1998. [Cross-ref]
[2] Verlinden, B., 2007. Thermo-mechanical processing of metallic materials 1. ed., Oxford:
Pergamon. [Cross-ref]
[3] Thelning, K.E, 2013. Steel and Its Heat Treatment: Bofors Handbook, Butterworth
Heinemann. [Cross-ref]
[4] Hajaliakbari and Hassanpour, “Analysis of thermal energy performance in continuous
annealing furnace,” Applied Energy, vol. 206, pp. 829–842, 2017. [Cross-ref]
[5] F. Su, “Heating and Flow Analysis in Hot‐Rolled Stainless Strip Continuous Annealing
Furnace Based on CFD Modeling,” Heat Transfer—Asian Research, vol. 46, no. 7, pp. 924–
932, 2017. [Cross-ref]
[6] Dieter, G.E., Kuhn, H.A. & Semiatin, S.L., 2003. Handbook of workability and process
design, Materials Park, OH: ASM International. [Cross-ref]
[7] Ahmed and Sutcliffe, “Identification of surface features on cold-rolled stainless-steel
strip,” Wear, vol. 244, no. 1–2, pp. 60–70, 2000. [Cross-ref]
[8] B. Panigrahi, “Processing of low carbon steel plate and hot strip—An overview,” Bulletin
of Materials Science, vol. 24, no. 4, pp. 361–371, 2001. [Cross-ref]
[9] F. J. Humphreys, “A unified theory of recovery, recrystallization and grain growth, based
on the stability and growth of cellular microstructures—I. The basic model,” Acta Materialia,
vol. 45, no. 10, pp. 4231–4240, 1997. [Cross-ref]
[10] Kalu and Waryoba, “A JMAK-microhardness model for quantifying the kinetics of
restoration mechanisms in inhomogeneous microstructure,” Materials Science & Engineering
A, vol. 464, no. 1–2, pp. 68–75, 2007. [Cross-ref]
[11] J. Humphreys, G. S. Rohrer, and A. Rollett, Recrystallization and related annealing
phenomena, Third edition. 2017. [Cross-ref]
[12] Burke and Turnbull, “Recrystallization and grain growth,” Progress in Metal Physics,
vol. 3, no. C, pp. 220,IN11,245,IN13,267,IN15,275–244,IN12,266,IN14,274,IN15,292,
1952. [Cross-ref]
[13] P. Cotterill and P. R. Mould, Recrystallization and grain growth in metals. London,
1976.
[14] H. Conrad, M. Swintowski, and S. Mannan, “Effect of cold work on recrystallization
behavior and grain size distribution in titanium,” Metallurgical Transactions A, vol. 16, no. 5,
pp. 703–708, 1985. [Cross-ref]
[15] W. D. Callister, Fundamentals of materials science and engineering: an integrated
approach, 2. ed.. Hoboken, N.J.: Wiley,pp.216, 2005. [Cross-ref]

42

[16] Anderson, W. A. and Mehl, “Recrystallization of aluminum in terms of the rate of
nucleation and the rate of growth,” Trans. Aime, 161, 140, 1945.
[17] Speich, G R and Fisher, R M, “Recrystallization, grain growth and textures,” Am. Soc.
Metals, Metals Park, Ohio, 563, 1966.
[18] Elmasry, M., Liu, F., Jiang, Y., Mao, Z.N., Liu, Y., and Wang, J.T., “IOP Conference
Series: Materials Science and Engineering,” 2017, vol. 167, no. 1, pp. 012044/1–
012044/8. [Cross-ref]
[19] Sinclair, C., & Bréchet, Y. (2005). Recrystallization of Stabilized Ferritic Stainless-Steel
Sheet. Metallurgical and Materials Transactions, 36a(11), 3205-3215. [Cross-ref]
[20] A. J. Schwartz, M. Kumar, B. L. Adams, and D. P. Field, Electron Backscatter
Diffraction in Materials Science, 2nd ed.. 2009. [Cross-ref]
[21] M. P. Black and R. L. Higginson, “An investigation into the use of electron back
scattered diffraction to measure recrystallized fraction,” Scripta Materialia, vol. 41, no. 2, pp.
125–129, 1999. [Cross-ref]
[22] F. Humphreys, “Review Grain and subgrain characterization by electron backscatter
diffraction,” Journal of Materials Science, vol. 36, no. 16, pp. 3833–3854, 2001. [Cross-ref]
[23] W. A. Johnson and R. F. Mehl, “Reaction Kinetics in Processes of Nucleation and
Growth (Reprinted from Transactions of the American Institute of Mining & Metallurgical
Engineers, vol 135, pg 416, 1939),” Metallurgical And Materials Transactions A-Physical
Metallurgy And Material, vol. 41A, no. 11, pp. 2713–2775, 2010. [Cross-ref]
[24] Christian, J., & Chan, S. (2002). The Theory of Transformations in Metals and Alloys:
An advanced textbook in physical metallurgy. London: Elsevier Science &
Technology. [Cross-ref]
[25] Qi and Zhang, “Recrystallization of gold alloys for producing fine bonding wires,”
Journal of Materials Processing Tech., vol. 68, no. 3, pp. 288–293, 1997. [Cross-ref]
[26] Metallic materials - Tensile testing - Part 1: Method of test at room temperature (ISO
6892-1:2016) [Cross-ref]
[27] Metallic materials - Vickers hardness test - Part 2: Verification and calibration of testing
machines (ISO 6507-2:2018) [Cross-ref]
[28] “Classical DoE methods and PLS-ANOVA,” CAMO Software. [Online]. Available:
https://www.camo.com/resources/classical-doe-methods-pls-anova.html#Response.
[29] D. Raabe, “Investigation of the orientation dependence of recovery in low-carbon steel
by use of single orientation determination,” Steel Research, vol. 66, no. 5, pp. 222–229, 1995.
[Cross-ref]
[30] Qi and Zhang, “Recrystallization of gold alloys for producing fine bonding wires,”
Journal of Materials Processing Tech., vol. 68, no. 3, pp. 288–293, 1997. [Cross-ref]

43

TRITA ITM-EX 2019:614

www.kth.se

