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Abstract:
In order to develop a theoretically based prediction method for grain size
change during recrystallization, detailed investigation according to observation results is
first step. In this thesis, a new in-situ observation method was first developed. This
method enables us to directly observe microstructural changes at high temperatures. An
experimental device to conduct in-situ observation is composed of a hot deformation
type thermo-mechanical simulator and a confocal scanning laser microscope. By the
in-situ observation method, observations for some kinds of microstructural changes
were conducted: grain growth, strain induced grain boundary migration under small
strains,

dynamic

recrystallization,

inverse

phase

transformation

and

phase

transformation. Through those observations at high temperatures, possibility and
usefulness of the in-situ observation method was confirmed. In particular, it was shown
that the in-situ observation method could be applied to observations during hot
deformation. In the following, theoretically based prediction method for grain growth at
high temperatures is proposed. This method is based on the solute drag theory. This is
placed on a foundation of the theoretically based prediction method for grain size
change during recrystallization.
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Chapter 1:
Introduction

1. 1.

Overview
In order to strengthen metallic materials especially for steels, there are four

methods to change and improve microstructural properties; solid solution, precipitation,
work hardening and grain size refinement. Through the long history of steels,
researchers have developed various kinds of methodology to apply such strengthening
mechanisms to steels in order to bring out their potentials. Adding alloying elements is
also a method to produce industrial high strength parts. Appling heat treatment after
shaping parts is another method for that purpose as well. However, because of
manufacturing costs, less alloying and manufacturing processes are desirable. When
considering recycling, decreasing both contents and kinds of alloying elements are
preferable. Due to such recent manufacturing trends, the strengthening mechanism of
grain size refinement is a hot research focus. The effectiveness of grain refinement to
strengthen steels is explained by a famous empirical and experimental law, which
relates grain size and mechanical property, called the Hall - Petch law.

[1.1], [1.2]

According to the law, strength is proportional to grain size power (-1/2) ( σ y = A d .
Here σ y is yield stress, d is mean grain size and A is a material constant). That is,
decreasing grain size increases strength. In the case of steels, recrystallization and
inhibiting grain growth are the most effective ways to achieve grain refinement.
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Refining grain size by recrystallization was first actively applied to producing
line pipe in 1960s.

[1.3]

Next, several research groups have associated the relationship

between recrystallized grain size and deformation conditions, and made experimentally
based equations to predict grain size, especially for low carbon steels and Nb alloyed
steels.

[1.4], [1.5]

Such research results gave significant impact on other research groups

and helped to improve controlled-rolling-technology. On the other hand, it is pointed
out that applicable range of such equations is limited. The calculated values based on
empirical equations are reliable in the range of the experiments conducted. However,
extrapolated range of the experiment, for example temperature range and alloying
contents and kinds range, reliability of calculated values are not always high. As shown
in the references

[1.4], [1.5]

, making such equations requires many experiments, and the

number of experiments affects accuracy of the equations. Therefore, it is difficult to
obtain new equations for extending applicable range of the equations. There is another
difficulty. That is the equations for predicting recrystallized grain size are based not on
theoretical descriptions but on statistical works of experimental results. That makes
extending their applicable range for alloying elements more difficult. Meanwhile,
prediction methods for phase transformation from austenite to ferrite and pearlite, and
precipitation is constructed by theoretical and mathematical consideration.

[1.6] ,[1.7], [1.8]

Those are modeled by "nucleation and growth". These modeling methods can cover a
wide range of alloying elements by coupling with thermodynamics calculations.
[1.10], [1.11]

[1.9],

Compared with the prediction method of phase transformation, the prediction

method of recrystallization has not been improved yet in terms of capability to cover
various kinds of alloying elements.
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There are two reasons that the prediction method of recrystallization for steels
is undergoing development. The first reason is that recrystallization is a very fast
phenomenon. Therefore, accurate experiments to observe and measure grain size change
are difficult. The second reason is that recrystallization of steels occurs at high
temperature. Therefore it is not possible to observe the changing of grains directly. With
a conventional experimental method to understand recrystallization of steels, these
experimental procedures are usually applied; a specimen is first heated up to the
predefined temperature (it is mostly over Ac3 temperature for carbon steels), next it is
deformed, and then quenched in water or He gas. The quenched specimen is cut and
polished to a mirrored surface and then etched by Picral or Nital or some other kinds of
etching agents to reveal grain boundary. Finally, microstructures are observed at room
temperature.

[1.12]

Quenching must be done to stop microstructural changes of

recrystallized grains immediately. This is one of the most crucial points of the
procedure, as microstructural changes during and after recrystallization are very quick,
so special experimental devices are required to allow researchers to quench specimens
in required time accurately. As it is known, those experimental procedures have
improved understanding of recrystallization for steels, and those results have been well
summarized.

[1.13], [1.14], [1.15]

However, with those experimental procedures, researchers

can only observe microstructure after the specimen has been quenched. It is obvious that
researchers have difficulties distinguishing recrystallized grains from other grains, they
cannot know the history of grains focused on, and only can infer their history. It is well
known that recrystallized grains have less dislocation than un-recrystallized grains.
Therefore, crystallographic analysis to measure dislocations or strains in grains can help
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to distinguish recrystallized grains. However, in the case of carbon steels,
microstructure is always transformed from austenite to other phases during cooling. As
a result of that, crystallographic analysis cannot be applied to analyze recrystallized
grains. If we could observe microstructural changes at high temperatures at which
recrystallization can occur, almost all difficulties mentioned above would be solved.

In-situ observation (direct observation) gives us enough information to understand
recrystallization, to distinguish recrystallized grains from others, and to know grain size
evolution which helps us in making equations for predicting grain size during
recrystallization.

1. 2.

Purpose and strategy
The purpose of this work is to develop an in-situ observation method for

microstructural changes during hot deformation. The target materials are carbon steels.
The development is conducted in four steps. In the first step of the development in
chapter 2, in-situ observation method is developed and observations are conducted in
stable conditions (without deformation) at high temperatures. In the second step in
chapter 3, observations of microstructural changes during small deformation at high
temperatures are conducted. In these observations, strain induced boundary migrations
(SIBM) are observed. In the third step in chapter 4, progress of recrystallization by hot
deformation is observed. In the fourth step, inverse phase transformation and phase
transformation are observed in chapter 5. A modeling method for grain growth at high
temperatures is proposed as well in chapter 6. This modeling is based on theoretical
descriptions by the solute drag theory and coupled with thermodynamics calculations.
4

Therefore, it would be applicable to a wide range of carbon steels, especially for
microalloyed steels. That method would be the first development of the prediction
method as a foundation of a new theoretically based prediction method for
recrystallization.
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Chapter 2:
Development

of

in-situ

observation

method

for

microstructural changes at high temperatures

2. 1.

Background
In conventional studies, researchers have measured the relationships between

grain size and holding time at various high temperatures to comprehend the
microstructural changes, and these results have been used to predict the grain size
during and after hot rolling and hot forging. [2.1], [2.2], [2.3], [2.4], [2.5]

In the case of using the conventional observation method for an austenite
structure, a specimen is first heated to a predefined temperature and maintained at that
temperature for a predefined time. The specimen is then cooled to room temperature by
water or He gas. This preprocess is shown in Figure 2. 1. Next, the specimen is cut, and
the cut plane is polished to a mirrored surface and etched by Picric acid or another
etching agent. Finally, the grain size is quantified. With the conventional observational
method, many specimens are required to measure the relationships between grain size
and heating condition. For example, in the case of quantifying grain size at 30-second
intervals while maintaining the temperature at 1,473 K (1200ºC) for 10 minutes, 20
specimens were required. Thus, it is easy to imagine that the preparation procedure
needed at each quantification is time consuming.
8

Temperature

Heat treatment and/or deformation at high temperatures

Water quench

Time

Figure 2. 1.

Thermal and mechanical history for a preprocess of the conventional

process to investigate microstructural changes at high temperatures.
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2. 2.

Purpose of this study
With respect to the conventional observation method, there are three problems.

The first is that the initial structure of each specimen differs from each other during the
entire process of measuring the relationship between grain sizes and heating condition.
Therefore, the quantified data contain errors due to differences in the initial structure.
The second problem is that the quantified data must be an average one taken from many
grains in an observed area because of the difference in the initial structure. Therefore, it
is not possible to quantify the size change for specified grains. The third problem is that
dynamic changes of microstructure at high temperatures cannot be observed because
observation is carried out at room temperature. Therefore, dynamic changes of
microstructure are inferred by the observation results at room temperature.

If an observation being capable of quantifying the microstructural changes that
occur at high temperatures is carried out using a single specimen for the entire process,
it becomes possible to overcome each problem that hinders proper data collection. In
this chapter, a new method for observing austenite structure at high temperatures is
developed based on the above-mentioned concept.

2. 3.

Experimental devices for observing microstructural changes
As mentioned up to here in this chapter, it is difficult to observe

microstructural changes at high temperatures. However in the case of steels, the
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temperature range over 1273 K (1000ºC) is very important to control microstructural
chages, because high temperature phenomena, such as recrystallization and grain
growth, occur. In this section, a couple of observation methods or devices, which
enables us to observe microstructures, are reviewed. In the following, the most suitable
method or device for observations at high temperatures is discussed in section 2.3.5.

2. 3. 1.

X-ray diffraction measurement
X-ray diffraction measurement is one of the measurement methods of X-ray

crystallography. X-ray crystallography is applied to determine the arrangement of atoms
within a crystal. An X-ray beam strikes a crystal and diffracts into many specific
directions. From the angles and intensities of these diffracted beams, a crystallographer
can produce a three-dimensional picture of the density of electrons within the crystal.
From this electron density, the mean positions of the atoms in the crystal, as well as
their chemical bonds, their disorder and various other information, can be determined.

In an X-ray diffraction measurement, a crystal is mounted on a goniometer and
gradually rotated while being bombarded with X-rays, producing a diffraction pattern of
regularly spaced spots known as reflections. The two-dimensional images taken at
different rotations are converted into a three-dimensional model of the density of
electrons within the crystal using the mathematical method of Fourier transforms,
combined with chemical data known for the sample. X-ray diffraction techniques are
based on the elastic scattering of X-rays from structures that have long range order. The
most comprehensive description of scattering from crystals has been summarized. [2.6]
11

Some synchrotron radiation facilities have been constructed in last two
decades: SPring-8 (1997) in Japan, APS (1996) in USA and ESRF (1994) in France.
The X-rays given by such synchrotron radiation facilities are high-energy X-rays.
Therefore, these take shorter time to measure and can make a smaller focus than
standard X-ray diffraction devices. Using high-energy X-rays given by such
synchrotron radiation facilities, in-situ observations can be conducted. By installing a
device to heat specimens on a beam line of X-ray, phase changes at high temperatures
can be detected. Observations of solidifications of martensitic steel is reported.[2.7]
Phase transformation and dynamic recrystallization of titanium aluminide alloy are
observed by evaluating the occupancy and spottiness of the diffraction rings. [2.8]

2. 3. 2.

Electron Back Scattering Pattern (EBSP) [2.9]
Electron Back Scattering Pattern (EBSP) is also known as Electron

backscattered diffraction (EBSD) or backscattered Kikuchi diffraction. EBSP is a
microstructural-crystallographic technique used to examine the crystallographic
orientation of many materials for texture or orientation of polycrystalline materials.
EBSP can be applied to crystal orientation mapping, phase identification, grain
boundary studies, regional heterogeneity investigations, microstrain mapping and so on.
These types of studies have been traditionally carried out using x-ray diffraction (XRD)
or electron diffraction in a TEM.

Experimentally EBSD is conducted by using a Scanning Electron Microscope
12

(SEM) equipped with a backscatter diffraction camera. The diffraction camera consists
of a screen, which is inserted into the specimen chamber of the SEM, and a CCD
camera on the end of a light pipe to register the image on the screen. A flattened and
polished crystalline specimen is placed into the normal position in the specimen
chamber, but is sharply tilted (~70° from horizontal) towards the diffraction camera.
When the electrons impinge on the specimen they interact with the atomic lattice planes
of the crystalline structures, many of these interactions satisfy Bragg conditions and
undergo backscatter diffraction. Due to the angle of the specimen, these diffracted
electrons can escape the material and are directed towards and collide with the screen of
the diffraction camera causing it to fluoresce, this fluorescent light is then detected by a
low light CCD. The diffracted electrons produce a diffraction pattern, sometimes called
an Electron Backscatter Pattern.

If the device to heat a specimen up can be installed into a chamber of SEM,
observations for specimens at high temperatures can be conducted. However, there are
three obstacles which must be overcome to apply EBSP to observations for high
temperature phenomena.

The first one is heat resistance. The second one is

measurement noise. When a specimen is heated up to high temperatures, it emits high
intensity light. That light disturbs a detector. Observation temperature is limited by the
heat resistance of the screen to detect diffraction patterns. As far as I know, the
maximum temperature conducted up to now is 1073 K (800ºC). It is not high enough to
observe dynamic recrystallization of steels. Third obstacle is measurement rate. It is
very time consuming to conduct EBSP analysis. For example, it takes about 3 minutes
to conduct EBSP analysis for 150 * 300 micro-meters (measurement interval: 2.5 μm,
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total measurement points: 8410). [2.10]

2. 3. 3.

Optical microscope
The optical microscope uses visible light and a system of lenses to magnify

images of small samples. There are two basic configurations of the optical microscope;
a single lens type and a compound lenses type. The vast majority of modern research
microscopes are compound microscopes. Many sources of light can be used. Normally a
halogen lamp is applied to most microscopes.

2. 3. 4.

Laser microscope [2.11]
The laser microscope is one kinds of optical microscope. It applies laser to a

source of light, and scans the surface of a specimen with focused laser light. Almost all
laser microscopes are constructed using the optical system. Confocal laser scanning
microscopy (CLSM or LSCM) is a technique for obtaining high-resolution optical
images with depth selectivity.

The key feature of confocal microscopy is its ability to

acquire in-focus images from selected depths, a process known as optical sectioning.
Images are acquired point-by-point and reconstructed with a computer, allowing
three-dimensional reconstructions of topologically-complex objects.

In a confocal laser scanning microscope, a laser beam passes through a light
source aperture and then is focused by an objective lens into a small (ideally diffraction
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limited) focal volume within or on the surface of a specimen. The beam is scanned
across the sample in the horizontal plane by using one or more (servo controlled)
oscillating mirrors.

The detector aperture obstructs the light that is not coming from the focal point,
as shown by the dotted gray line in the image. The out-of-focus light is suppressed:
most of the returning light is blocked by the pinhole, which results in sharper images
than those from conventional fluorescence microscopy techniques and permits one to
obtain images of planes at various depths within the sample.

15

Specimen

Focal plane

Objective lens

Aperture

Beam splitter

Light source

Aperture
Light detector

Figure 2. 2.

schematic diagram of laser microscopy.
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2. 3. 5.

Summary of observation devices suitable for high

temperature observations
In order to observe microstructural changes at high temperatures, some
characteristics are required: (1) shorter analyzing or focusing time than microstructural
changes, (2) high thermal resistance, (3) robustness for noise, and (4) easiness for
observations.
X-ray diffraction measurement takes several seconds to analyze each point
using a standard XRD device. If the large synchrotron radiation facilities can be applied,
it would be possible to analyze fast microstructural changes, such as recrystallization, in
real time. However, using a large synchrotron facility is not easy. Thermal resistance of
EBSP is not high enough to conduct observation over 1273 K (1000 º C) for
recrystallization and grain growth. The light source of an optical microscope is not
strong. Therefore, because of strong light emitted from a specimen surface at high
temperatures, a clear image cannot be obtained by optical microscope. On the other
hand, with a laser microscope, scanning time is short enough to observe fast
microstructural changes, and the light source is stronger than emitted light from the
specimen. If a configuration, which can prevent thermal radiation heat from a specimen
to the lens of the laser microscope, can be constructed, the laser microscope would have
the possibility to conduct observations for specimen at high temperatures. As a result,
applying laser microscope to observations at high temperatures would be the high
potential choice available to date.
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2. 4.

Proposed observation device
In order to observe austenite structures at high temperature, the observation

method must overcome two difficulties: (1) how does the method reveal the grain
boundary and (2) how does the method observe austenite structure at high temperatures.

For revealing grain boundary, the thermal etching method

[2.12], [2.13]

is applied

to the new observation device. The thermal etching method can reveal austenite grain
boundary at high temperatures, because atoms diffuse and vaporize into the atmosphere
from the grain boundary at a much higher rate than from the rest of the specimen, which
leaves grooves that can be measured to determine the boundary. The quantified results
using the thermal etching method are the same as the quantified results using the
conventional observation method, which proves that the thermal etching method is
reliable.

[2.14]

The schematic image of mechanism of the thermal etching method is

shown in Figure 2. 3.

The new observation device is composed of two units, a hot deformation type
thermo-mechanical simulator, THERMECMASTOR-Z, which can control the heating
condition, atmosphere, hot deforming condition, and cooling condition, and a confocal
scanning violet laser microscope, VL2000DX. A violet laser-diode is applied to the
laser microscope. A laser microscope is generally more functional than an optical
microscope in terms of images of resolution and the depth of focus. Figure 2. 4 shows
the schematic layout of the new observation device. A specimen is heated by Joule
heating and the temperature is controlled with a type R thermocouple. If a specimen is

18

firmly fixed at both the upper and lower ends, it buckles due to thermal expansion
during heating. To avoid buckling, a specimen is hung from the upper end only, while at
the lower end the clearance is set to allow for thermal expansion. The distance from the
surface of a specimen to the observation window is very close, so it is exposed to a
large amount of radiation heat. Therefore, to protect the observation window from
extreme heat, the window is cooled by a water-filled tube.

In order to obtain clearer images, the surface of each specimen is polished to a
mirrored surface, i.e., Rz = 0.1 μm. Figure 2. 5 shows the shape of the specimen. Figure
2. 6 shows comparison of observed images depending of surface roughness. When
polishing on the specimen surface is not sufficient, scratches remain and deteriorate the
observed images.

While observing an austenite structure, the atmosphere in the chamber must be
maintained at an optimal condition in order to prevent oxidation of the specimen and the
obstruction of the observation window. It is easy to imagine that oxygen in the chamber
causes a specimen to oxidize, thereby making it impossible to determine grain
boundaries. At high temperatures, atoms are diffused and vaporized into the atmosphere
in the chamber from the surface of the specimen. The diffusion and vaporization of
atoms reveals grain boundaries, but these atoms also obstruct the view through the
observation window. Therefore, the atmosphere in the chamber is prepared by the
following procedure. The atmosphere in the chamber is first vacuumed to less than 3×
10-3 Pa and then filled with Ar gas. During the observation Ar gas is blown against the
observation window, both to prevent the deposition of diffused and vaporized atoms and
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to cool the window. This observation device is equipped with a hydraulic ram press and
gas/water nozzle in a champer. Therefore, it is also possible to observe microstructural
changes during hot deformation and cooling.

These configurations of the new observation device and the atmosphere
treatment make it possible to observe the revealed grain boundaries at high temperature.

20

Diffusion and Vaporisation
Free Surface

Grain boundary

Surface tension

Figure 2. 3.

The schematic image of the thermal etching method
for revealing grain boundary. [2.12], [2.13], [2.14]
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Hydraulic ram press
Chamber

Joule heating
electrode

Ar gas
pipe

Gas/Water
nozzle

Laser microscope
Observation window

Specimen

Figure 2. 4.

Water-cooled pipe

Schematic diagram of the observation device.

.

22

36.2
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8.0

10.0

R15.0

120.0

10.0
46.2

30.0

Surface roughness on observation side: Rz = 0.1 μm

Figure 2. 5.

The specimen for observation.
(Dimensions are mm.)
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2.0

100μm

( a ) Surface roughness: Rz = 0.2 ~ 0.3 μm

Figure 2. 6.

( b ) Surface roughness: Rz = 0.1 μm

The difference of observed images depending on surface roughness.
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2. 5.

Experimental procedure
Observations of austenite structure were performed using the proposed

observation device in order to confirm that austenite grain boundaries and their dynamic
changes at high temperature can be observed using the proposed device. The specimen
was the same as that in Figure 2. 5, and the material was S 25 C. The specimen was first
heated to the observation temperature (1,373 K, 1,473 K, and 1,523 K) at a rate of 5 K/s,
and then maintained at this temperature for 10 min. In-situ observation was carried out
while maintaining the temperature, and observed image data were recorded at 15 Hz.
Figure 2. 7 shows the experimental procedure using the new observation device.

The quantifying of grain size for the observed images were carried out by two
methods depending on the objective. The first method was a liner intercept method to
quantify average data for many grains. The second method uses image processing to
quantify grain size for each of the specified grains. The image processing method can
calculate the area of a grain, and the grain diameter is converted by the square root of
grain area. The quantification of the grain sizes of the specified grains is one of the most
important features of the new observation device.
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1,373 K (1100 ºC ), 1,473 K (1200 ºC ),
1,523 K (1250 ºC )

Temperature

10 min
5 K/s

air cooling

Time

Figure 2. 7.

Experimental procedure with the new observation device.

26

2. 6.

Results and discussion
Figure 2. 8 through Figure 2. 11 show the changes of grain size at 1,523 K

(1450ºC), 1,473 K (1200ºC), and 1,373 K (1100ºC), respectively. These figures show
that the new observation device can reveal grain boundaries and their dynamic changes
at high temperatures. In order to easily identify microstructural changes, magnified
images from Figure 2. 8 are shown in Figure 2. 9. The rectangle area in Figure 2. 8(a) is
magnified. Arrows in Figure 2. 9 help readers to identify particular boundary
movements.

Figure 2. 12 through Figure 2. 14 show the average grain size and the sizes of
specified grains. The specified grains, which are selected randomly, are shown in Figure
2. 8 (a), Figure 2. 10 (a) and Figure 2. 11 (a). The grain sizes quantified by the
conventional method are also plotted in the figures. Concerning the conventional
method, the experiments were carried out by the following procedure (Figure 2. 15).
The specimen was a cylindrical shape with a height of 12.0 mm and a diameter of 8.0
mm. The specimen was heated by induction heating to the observation temperature
(1,373 K, 1,473 K, and 1,523 K) at a rate of 5 K/s and was maintained at the
observation temperature for 1 minute and for 5 minutes, respectively. The specimen was
then quenched in water to stop grain growth. The linear intercept method was applied to
the quenched specimen to quantify the average grain size. Both the average grain size of
the new observation method and that of the conventional method show good
correspondence. Using the thermal etching method, it is expected that time be required
for the primary grain boundaries to disappear and to reveal the new grain boundaries.
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However, the correspondence of average grain size between the new observation device
and the conventional method indicates that the velocity of the thermal etching method
can follow the velocity of grain rearrangement in in-situ observation. The good
correspondence also shows that the difference between the surface energy on a
specimen surface and that in a specimen do not strongly influence grain growth of the
austenite.

The average grain size, at each temperature, increases gradually, even though
the size of some of the specified grains increase or decrease drastically with time. These
drastic grain size changes indicate shrinking and expansion of grains. The feature of the
in-situ observation method, that makes it possible to observe the grain size change of

the same specimen in real time, is also able to analyze the shrinking and expansion of
grains in greater detail.

The grain size changes, in more than two hundred of the grains, at 1,523 K
were quantified by image processing, and a histogram of the grain size range and the
frequency was generated (Figure 2. 16). Figure 2. 16 does not contain the error derived
from the difference in initial structure because only one specimen was used for the
observation.

From Figure 2. 16, the frequency under 40 μm decreases drastically, whereas
the frequency over 100 μm increases gradually. In general, smaller grains have higher
internal pressure. Therefore, in order to lower the Gibbs free energy, smaller grains
would shrink, while neighboring larger grains would expand. This phenomenon is
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explained by the Gibbs-Thomson effect. Figure 2. 16 supports the existence of this
phenomenon.
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Figure 2. 8.

Continued on the next page.
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200μm

(g) Holding time: 7 min.

(h) Holding time: 8 min.

(i) Holding time: 9 min.

(j) Holding time: 10 min.

Figure 2. 8.

Images of grain growth at 1523 K (1250ºC).
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100μm
(a) Holding time: 1 min.

(b) Holding time: 2 min.

(c) Holding time: 3 min.

(d) Holding time: 4 min.

(e) Holding time: 5 min.

(f) Holding time: 6 min.

(g) Holding time: 7 min.

(h) Holding time: 8 min.

Figure 2. 9.

Boundary movements during grain growth at 1523 K (1250ºC).
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(a) Holding time: 1 min.

Figure 2. 10.

(b) Holding time: 10 min.

Images of grain growth at 1473 K (1200ºC).
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(a) Holding time: 1 min.

Figure 2. 11.

(b) Holding time: 10 min.

Images of grain growth at 1373 K (1100ºC).
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Figure 2. 12.

Grain size change at 1523 K.
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Figure 2. 13.

Grain size change at 1473 K.
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Figure 2. 14.

Grain size change at 1373 K.
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Figure 2. 15.

The conventional experimental procedure.
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Grain size histogram at 1523 K.
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2. 7.

Conclusions
A new observation device to observe microstructures at high temperatures was

developed. Grain growth at high temperatures was observed by the new observation
device. The average grain size and the grain sizes of specified grains were quantified.
The tendency for smaller grains to be absorbed by neighboring larger grains is shown
by the detailed data of quantified grain sizes.

These results demonstrate the effectiveness of the new observation device for
observing microstructures at high temperatures. Moreover, the observed images, free
from errors due to differences in the initial structures of specimens at each
quantification, have great potential to quantify the grain size more precisely than the
conventional method.

2. 8.
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Chapter 3:
In-situ

observation

of

SIBM

during

small

hot

deformation

3. 1.

Background
Recrystallization has been one of the main topics of focus for researchers for

the last several decades due to the fact that the fine grains produced by recrystallization
are desirable for industrial-use steel parts. Therefore, elementary mechanisms of
recrystallization have been investigated in conventional experiments and the results
have been well documented. [3.1], [3.2]

While there are many research results for recrystallization under large strains,
recrystallization under small strains has not been as thoroughly investigated. This is due
to the limitations of conventional experimental methods. For the purpose of the
investigation into the dynamic recrystallization (DRX) of carbon steel, flow stress has
been focused.

[3.3], [3.4]

As DRX is somewhat of a restoration process, the occurrence of

DRX influences flow stress. The rapid cooling method using water or He gas to cool a
specimen immediately after hot deformation to stop microstructural changes has also
been applied. [3.5], [3.6] As a result of this, observations of microstructural changes during
DRX and static recrystallization were conducted on specimens whereby the
microstructural changes were halted by rapid cooling. These two conventional methods
can be applied when investigating recrystallization under large strains. However, the
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investigation of microstructural changes over small strains range are difficult with these
two methods. This is due to the fact that over the small strain range at which DRX does
not appear, microstructures do not change drastically and the changes occur very locally.
Therefore, flow stress is not strongly influenced by slight microstructural changes, and
slight microstructural changes are difficult to identify through the observation of cooled
specimens using the rapid cooling method.

As a result of the above-mentioned difficulties, microstructural changes during
strain under the critical strain of DRX have not been researched extensively, in
particular for carbon steel. Therefore, there are few results which have focused on
microstructural changes under small strains.

[3.7], [3.8], [3.9], [3.10]

In such experiments, the

existence of grain coarsening phenomena under small strains and the conditions under
which they occur were discovered. However, microstructural phenomena caused by
small strains were not studied.

3. 2.

Purpose of this study
The in-situ observation method

[3.11], [3.12]

proposed in chapter 1 is first applied

to observations during small strains at high temperatures and, then the investigation of
microstructural changes are conducted under small strains. This research discusses the
microstructural changes, such as strain induced boundary migration (SIBM), of a carbon
steel during small strains at high temperatures. Through the investigation by the in-situ
observation method, the rate of SIBM and the SIBM initiating strain is measured.
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3. 3.

Experimental procedure
In order to observe microstructural changes of carbon steel deformed under

small strains at high temperatures, the in-situ observation method developed in chapter
1 was applied. The schematic diagram of the system is shown in Figure 2.4. The
specimen dimensions are shown in Figure 2.5. The material used was S25C (Fe - 0.22
mass% C- 0.19 mass% Si - 0.51 mass% Mn). A specimen was first heated to 1273 K,
1373 K and 1473 K by Joule heating at 5 K/s, and then held at that temperature for two
minutes. The specimen was then deformed in tension over 20.0% at 1.0mm/min, during
which time the in-situ observations were made and observed images recorded at 15
frames per second. Having been recorded as movie files, the observation and
measurement of microstructural changes was possible. During the in-situ observation,
the distance of the ram movement was also recorded. As a result, the strain of the
observed images can be easily measured by the recorded distance.

It was expected that microstructural changes during small strains would be
observed locally. Therefore, in order to obtain an average for the dispersion of each
specimen, five specimens were used in each experimental condition.
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Deformation
(Deformation rate: 1mm/min.)

Temperature

1473 K
In - situ observation
Heating rate
5K/s

Time

Figure 3. 1.

Thermal and mechanical history.
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3. 4.

Results and discussion
According to the observed images, the critical strain for DRX was measured

first. In this study, the strain at which a new boundary appears from the initial
microstructure is defined as the critical strain for DRX. Determining the critical strain
for DRX is conducted by identifying the appearance of a new grain, which can be
ascertained by viewing the recorded images of in-situ observations. As mentioned
above, this determination method is more sensitive than the conventional method which
relies on the identification of a flow stress curve. The temperature dependency of the
critical strain for DRX is shown in Figure 3. 2. The calculated critical strain for DRX
using Senuma's equation

[3.13]

is also plotted in Figure 3. 2. The critical strain for DRX

decreases with rising temperatures. Experimental and calculated values show close
correspondence at 1373 K and 1473 K. The reason for the discrepancy between
experimental and calculated values at 1273 K would be derived from the difference of
sensitivity between observation methods. Senuma et al.

[3.13]

developed the equation by

calculating statistics of observed results of water cooled specimens by the rapid cooling
method. The calculated DRX fraction at 1273 K by the equations is not high, which
means DRX appears locally at 1273 K. Therefore, the identification of DRX from other
structures in water cooled specimens is not easy to attain. As a result of this, the critical
strain for DRX determined by water cooled specimens has a tendency to be larger than
the actual value. On the other hand, the in-situ observation method enables the
observation of the exact time when DRX appears. As such, the critical strain for DRX
of the experiments by the in-situ observation method would be smaller than the
calculated one.
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During small strains under the critical strain for DRX, SIBMs were clearly
observed by the in-situ observation method. Representative SIBM forms observed at
1473 K are shown in Figure 3. 3. It is confirmed through observations that SIBM occur
on flat boundaries and on concave and convex triple junctions.

The rate of SIBM was measured at each temperature. The histogram between
SIBM rate and the relative frequency is shown in Figure 3. 4. The relative frequency
was calculated at each of the three temperatures. Figure 3. 4 shows that much of SIBM
occur at the rate of 0.2 to 0.6 μm/s, and the tendency at which the SIBM rate is higher at
higher temperatures is recognized. According to the results in chapter 1, the rate of grain
growth while maintaining a temperature of 1473 K without deformation is slower than
0.1 μ m /s. Remarkably, the SIBM rate is at least ten times higher than the grain growth
rate.

The driving force for grain growth is about 0.1 (J/mol). In the case of SIBM,
the driving force derived from deformation should also be considered. The driving force
derived from deformation can be estimated from the dislocation density using [3.14]

ΔGtot = ρGb 2
Here, ρ is dislocation density, G is the shear modulus of Fe and b is the Burgers
vector of dislocation. The dislocation density at the SIBM initiating strain can also be
estimated as about 1.0×1013 (/m2) [3.13]. Using the dislocation density, the driving force
of SIBM is estimated about 1.0 (J/mol). The driving force is dissipated by the solute
drag effect during grain boundary movement. By plotting both the driving force for
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grain growth and SIBM into Figure 6.8, it is shown that the relationship between the
dissipation energy by the solute drag effect during grain boundary movement and
velocity of grain boundary movement (Figure 3. 5). It is acceptable that the application
of small strains such as the SIBM initiating strain makes grain growth rate ten times
faster than that for grain growth without deformation. (Detailed discussions of the
driving force of grain growth and Figure 6.8 will be shown in chapter 6.)

The SIBM initiating strain at each temperature is shown in Figure 3. 6. It is
confirmed that SIBM was initiated by even such small strains as 0.015. This value is
smaller by an order of magnitude than the critical strain for DRX (Figure 3. 2).
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Figure 3. 2.

The critical strain for DRX.
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Figure 3. 3.

Representative forms of SIBMs at 1473 K.
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Total number of occurrences: 32 at 1273 K
49 at 1373 K
44 at 1473 K
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The histogram of SIBM rate vs. frequency.
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Figure 3. 6.

The SIBM initiating strain.
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1500

3. 5.

Conclusion

In this study, through the investigation of SIBM, it is confirmed that the
developed in-situ observation method can be applied to observations during application
of small strains at high temperatures. This investigation confirms that SIBM appears on
various forms of grain boundaries. By the in-situ observation method, the rate of SIBM
was successfully measured, and the rate of SIBM measured is much higher than the rate
of grain growth without strain. It was confirmed that the SIBM initiating strain is
smaller by an order of magnitude than the critical strain for DRX.
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Chapter 4:
In-situ observation of dynamic recrystallization

4. 1.

Background
The microstructure of steel can be changed by various different mechanisms:

phase transformation, recrystallization or grain growth during thermomechanical or heat
treatment processes. In order to observe such changes, a specimen is usually quenched
from high temperature to room temperature using water or He gas to stop the
microstructural changes and allow for observation at room temperature

[4.1]

. Although

this is a very useful experimental method to determine the tendencies of microstructural
changes, this method does not give accurate information about when and where the
observed phenomena start to occur, and can only infer what phenomena have occurred
at high temperatures from the quenched microstructures. In recent developments, two
remarkable observations of microstructural changes of steel at high temperatures have
been reported. The first one reported observation results of static recrystallization of
interstitial free (IF) steel up to 1073 K using electron back scattering pattern

(EBSP)

[4.2]

. The other observed grain growth of plain carbon steel up to 1523 K using a

confocal scanning violet laser microscope [4.3]. These observation methods significantly
expanded the temperature range in which microstructural changes at high temperatures
can be observed. However, in both studies in-situ observation were not carried out
during large deformation.
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4. 2.

Purpose of this study
In the case of hot deformation of steel, microstructural changes caused by hot

deformation over 1173 K, such as recrystallization, are often used to produce high
quality industrial parts

[4.4], [4.5]

. Therefore, it is important to observe and understand

microstructural changes during deformation at high temperatures. In the chapter 3, the
developed in-situ observation method was applied to observe microstructural changes,
SIBM, under small strains at high temperatures. In this chapter, the developed in-situ
observation method is applied to observations for dynamic recrystallization which
appears under a condition of hot large deformation.

4. 3.

Experiment and results
The observation device used is shown in Figure 2.4 and specimen dimensions

are shown in Figure 2.5. The experiment was carried out using the following procedure
(Figure 4. 1). A specimen was first heated to 1473 K by Joule heating at 5 K/s and then
held at this temperature for two minutes. The specimen was then tensile strained to
22.4% at the rate of 0.25mm/min. In-situ observations were made during this process
and images were recorded at 15 frames per second. During the in-situ observation, the
distance of the ram movement is also recorded, so the strain of observed images can be
measured from the recorded distance. The observation results are shown in Figure 4. 2.
Increasing strain, a new grain boundary, which potentially could be a recrystallized
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grain, appears. That grain is highlighted by dotted circle. The recrystallized grain then
grows in the direction of the arrow.

In the following, using a higher powered objective lens, an observation was
conducted by the procedure of Figure 4. 3. Figure 4. 4 (a) and (b) show the
microstructure before and after deformation under strain to 22.4% respectively. The
crosses are used as guide marks to identify the initial structure. Grain deformations are
apparent by looking at the guide marks. The circled area in Figure 4. 4 (b) is magnified
in Figure 4. 5 to highlight the microstructural changes. Under strain, curved lines as
deformed structures, which potentially could be dislocation substructures, were
spreading over the grain (Figure 4. 5 (a)). Figure 4. 5 (b) shows the appearance of a new
grain boundary, potentially it could be a recrystallized grain boundary. Figure 4. 5 (c)
and (d) show that the new grain boundary has a sweeping motion inside the grain. In the
area where the new grain boundary is swept, the deformed structures disappeared. The
disappearance of the deformed structures could be caused by the same mechanism as
recrystallization.
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Deformation
(Deformation rate: 1mm/min.,
Strain: ~0.16)

Temperature

1473 K
In - situ observation
Heating rate
5K/s

Time

Figure 4. 1.

Thermal and mechanical history.
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100μm

(a) Strain = 0.09

(b) Strain = 0.10

(c) Strain = 0.11

(d) Strain = 0.12

(e) Strain = 0.13

(f) Strain = 0.14

(g) Strain = 0.15

(h) Strain = 0.16

Figure 4. 2.

Microstructural changes during hot deformation at 1473 K.
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Figure 4. 3.

Thermal and mechanical history.
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50 μm
stretching
direction

(a) before deformation

Figure 4. 4.

(b) after deformation (strain: 22.4 %)

Microstructural change under strain at 1473 K.
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deformed structures

(a) Strain : 16.8 %

(b) Strain : 19.6 %

Sweeping
direction

Sweeping
direction

(c) Strain : 20.5 %

Figure 4. 5.

(d) Strain : 21.5 %

Observations of deformed structures and the formation of
a new grain boundary.
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4. 4.

Conclusion
By observing dynamic recrystallization, it is confirmed that the developed

in-situ observation method can be applied to observations for microstructural changes

during hot deformation. Images clearly show that the microstructural changes during
hot deformation at 1473 K, which has until now been considered very difficult to
observe, can now be recorded using the method reported here. This method is applicable
to a wide range of microstructural observations at high temperature.
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Chapter 5:
In-situ observation of phase transformation during
heating and cooling

5. 1.

Purpose of this study
By using the developed in-situ observation method, (1) inverse phase

transformation during heating from (ferrite and pearlite) to austenite, and (2) phase
transformation during cooling from austenite to (ferrite and pearlite) can be observed.
Following this, observed images by the in-situ observation method and the conventional
method using an optical microscope are compared.

5. 2.

Experimental procedure
The in-situ observation system is shown in Figure 2.4. The material S25C is

applied for this experiment. A specimen dimension is shown in Figure 2.5. Thermal
history for the in-situ observation is shown in Figure 5. 1. A specimen is heated at the
rate of 1 K / s, and temperature is maintained at 1473 K (1200 ºC), then the specimen
is cooled down to 873 K (600 ºC) at the rate of 5 K / s. During this thermal history,
in-situ observation was conducted and digitally recorded as movie files.
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In order to compare images of the in-situ observation method and the
conventional method, the specimen, which cooled down to 873 K (600 ºC), is
quenched in water. Next, the specimen is polished to a mirrored surface, etched by Nital
acid, and finally observed with an optical microscope.
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Temperature

1,473 K
12 min.

5K/s

1K/s

873 K (600 ºC )
Water Quench

Time

Figure 5. 1.

Thermal history for observing phase transformation.
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5. 3.
5. 3. 1.

Observed images and discussion
Observed images during heating
Observed images during heating process are shown in Figure 5. 2. These

images are captured from the observation movie at every 200 K. While heating up, a
specimen expands due to thermal expansion. To observe the same position throughout
the entire observation period, the position of the laser microscope is adjusted with the
specimen's thermal expansion. The image of (a) at 873 K (600 ºC) does not show
anything. This is because temperature is not high enough to activate thermal etching.
However, from the images of (b) to (d), the change of microstructure from ferrite and
pearlite to austenite can be recognized.

According to Fe - C binary phase diagram shown in Figure 5. 3, the A1
temperature is about 1000 K (727 ºC). In order to look specifically for the appearance
of the austenite, images around the A1 temperature are captured in Figure 5. 4. It is
difficult to identify the appearance of the austenite by looking at those captured images.
In the following images at 1313 K (1040 ºC), 1333 K (1060 ºC), 1353 K (1080 ºC)
and 1373 K (1100 ºC) are captured and shown in Figure 5. 5. In this temperature range,
it is possible to observe appearance of the austenite. It is natural that the microstructural
changes from (the ferrite and the pearlite) to the austenite in the temperature range
between the A1 and the A3 temperatures always occur. However, by using the in-situ
observation method, temperature at which appearance of the austenite was observed is
much higher than A1 temperature. Investigation into the mechanism during inverse
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phase transformation is one of the hottest research themes. Therefore, improvement of
the observation method to apply to inverse phase transformation would be a future
challenge.
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(a) 873 K (600 ºC)

(b) 1073 K (800 ºC)

(c) 1273 K (1000 ºC)

(b) 1473 K (1200 ºC)

Figure 5. 2.

Observed images during heating.
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A3 temperature

A1 temperature

2.5

Figure 5. 3.

Fe-C binary phase diagram.
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(a) 973 K (700 ºC)

(b) 993 K (720 ºC)

(c) 1013 K (740 ºC)

(d) 1033 K (760 ºC)

Figure 5. 4.

Observed images around A1 temperature.
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(a) 1313 K (1040 ºC)

(b) 1333 K (1060 ºC)

(a) 1353 K (1080 ºC)

(b) 1373 K (1100 ºC)

Figure 5. 5.

Appearance of austenite.
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5. 3. 2.

Observed images while maintaining temperature at 1473 K
While maintaining temperature at 1473 K (1200 ºC), grain growth of the

austenite was observed. Observed images are shown in Figure 5. 6. Grain boundary
movements appear in circled areas. Detailed investigations into grain growth behaviors
at high temperatures have already been conducted and reported in chapter 2.
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(a) Holding time at 1473 K: 0 s.

(b) Holding time at 1473 K: 20 s.

(c) Holding time at 1473 K: 40 s.

(d) Holding time at 1473 K: 60 s.

Figure 5. 6.

Grain growth at 1473 K (1200 ºC).
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5. 3. 3.

Observed images while cooling
Observed images were captured every 200 K from an observation movie and

shown in Figure 5. 7. From 1073 K (800 ºC) to 873 K (600 ºC), acicular ferrites
appear.

In order to show images taken during phase transformation, from the austenite
to the ferrite (allotriomorphic ferrite) and the pearlite, images at 948 K (675ºC), 943 K
(670ºC), 938 K (665ºC) and 933 K (660ºC) were captured from the movie. Those are
shown in Figure 5. 8. It is difficult to identify the movement of phase interface
according to the captured images. However, advancing of phase interface can be clearly
identified by observing the movie. The reason for the difficulties of observing
microstructural changes would come from the thermal etching method. As mentioned in
the chapter 2.2, unevenness such as grooves or facets on a specimen surface is observed
by the laser microscope in the in-situ observation system. The interface between the
austenite and the ferrite does not make grooves or facets. The interface is
concavo-convex. While observing the movie, the movement of the concavo-convex
interface can be found. On the other hand, by looking at the captured images from the
movie, it is difficult to identify where the interface is.

Images at 923 K (650 ºC), 921 K (648 ºC), 919 K (646 ºC) and 917 K (644
ºC) were captured to show formation of acicular ferrites. Because acicular ferrites make

up the facet interface, formation and growth of acicular ferrites are identified at circled
area in Figure 5. 9.
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(a) 1473 K (1200 ºC)

(b) 1273 K (1000 ºC)

(a) 1073 K (800 ºC)

(b) 873 K (600 ºC)

Figure 5. 7.

Observed images during cooling.
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(a) 948 K (675 ºC)

(b) 943 K (670 ºC)

(a) 938 K (665 ºC)

(b) 933 K (660 ºC)

Figure 5. 8.

Movement of phase interface.
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(a) 923 K (650 ºC)

(b) 921 K (648 ºC)

(a) 919 K (646 ºC)

(b) 917 K (644 ºC)

Figure 5. 9.

Formation and growth of acicular ferrites.
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5. 3. 4.

Comparison of images by a laser microscope to an optical

microscope
For recognizing differences and characteristics of images taken by a laser
microscope applied to the in-situ observation, two images were compared in Figure 5.10.
An optical microscope can show color of microstructure. Therefore, as shown in Figure
5. 10 (a), the ferrite is colored with white and the pearlite is colored with black. On the
other hand, a laser microscope scans the distance from the specimen's surface to a
objective lens. Therefore, there is not any color information. In the case of images taken
by a laser microscope, unevenness of the specimen's surface caused by the occurrence
of new phases is observed. As shown in Figure 5. 10, it is possible to observe acicular
ferrites using a laser microscope as well.
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(a) By optical microscope

Figure 5. 10.

(b) By laser microscope

Comparison of observed images by optical and laser microscope.
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5. 4.

Conclusion
In this chapter, in-situ observations for inverse phase transformation and phase

transformation were conducted. Because a laser microscope is not suitable to observe
concavo-convex interfaces, it is not possible to observe the appearance of austenite
during inverse phase transformation, and the movement of the interface between
austenite and ferrite during phase transformation. On the other hand, the appearance of
acicular ferrite which causes facet interface can be observed by the developed in-situ
observation system.

According to the investigation in this chapter, it is expected that facet interfaces
such as austenite / bainite and austenite / martensite interface will be observed by the
developed in-situ observation system.
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Chapter 6:
A calculation for grain growth rate of carbon steels by a
solute drag model considering the segregation effect of
each substitutional element

6. 1.

Background
In order to produce high quality industrial parts made of metallic alloys,

controlling the grain size by recrystallization and grain growth is an effective method.
For control of the grain size, process conditions are typically determined using
equation (1).

(D ) − (D )
n

n

0

= K ⋅t

(1)

Here, D is the mean grain size, and D0 is the mean initial grain size. The parameters
K and n are determined experimentally. Therefore, the grain size predicted by equation
(1) is usually reliable for the corresponding experimental conditions. However, if the
conditions used, such as temperature and chemical composition, are outside this range,
the reliability of equation (1) becomes lower.
There is another method to predict the grain growth rate. This is not an
experimental method as above, but rather is a method constructed theoretically. It is
well known that when a grain boundary moves during grain growth, the solute
contained within the grain boundary is dragged. This phenomenon is called solute drag.
Various models incorporating mathematical descriptions for solute drag have been
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proposed and subsequently improved by several authors. [6.1], [6.2], [6.3], [6.4] , [6.5] With these
models, the concentration profiles across grain boundaries or phase interfaces can be
calculated. The velocity of boundary movement during phase transformation and
recrystallization were calculated by computing the balancing between dissipation
energy and the driving force for solute drag. [6.6], [6.7], [6.8], [6.9]

In the solute drag model, the grain boundary property

[6.4]

is defined for

expressing the difference in properties between the interior of the grain and the grain
boundary. It is difficult to measure the grain boundary property for calculating the
velocity of grain boundary movement. However, the difference in properties needs to be
defined to simulate the solute drag effect and the interaction between the solute and
grain boundary more realistically [6.10]. The interaction between the solute and the grain
boundary is one of the causes of grain boundary segregation, especially in the case of
microalloyed steels. Microalloyed Nb, V and Ti have a strong tendency to segregate at a
grain boundary. These segregated elements retard boundary movement significantly in
spite of low concentrations, even if the segregated elements do not form precipitates.
For this reason, the segregation effect must be incorporated into the solute drag model.
As far as I know, only a few studies have considered the segregation effect in the solute
drag model based on experimental results. However, Nb was the only alloying element
considered in these studies. [6.7 ],

6. 2.

[6.9]

Purpose of this study
The purpose of the present study is to develop a practical model for calculating
87

the grain growth rate including the influence of alloying elements and temperature. By
coupling with thermodynamic calculations, the solute drag model can be applied to a
wide range of alloying elements. Therefore, the solute drag model was chosen for this
study. A model that incorporates the segregation effect and the procedure to determine
the segregation energy for each substitutional element is first proposed, based on the
solute drag model. Next, by using this model, the concentration profile across a grain
boundary affected by the segregation effect of microalloying elements is calculated.
Then, influence of solute drag into grain size evolution is discussed. Finally, in order to
show the validity of the model, the temperature dependence of grain growth rate is
calculated, and the results are compared with experimental results. This method would
be the first development of the prediction method as a foundation of a new theoretically
based prediction method for recrystallization.

6. 3.

Modeling

6. 3. 1.

Calculation of concentration profile across grain boundary

Odqvist el al. developed the model to calculate the deviation from local
equilibrium at moving phase interfaces in multi-component systems. The method is
based on finite interface mobility and solute drag theory
drag model

[6.5]

. According to the solute

[6.5]

, the concentration profile across a grain boundary during grain growth

can be calculated by coupling equations (2) and (3).

(

)

v
uk − ukα = J k
Vm

(2)

88

n −1

J k = −∑ Lkj′′
j =1

∂φ j

(3)

∂z

Equations (2) and (3) represent fluxes of component k under steady state conditions of
grain growth rate v, and the diffusion flux of component k, respectively. By solving the
simultaneous equations (2) and (3), the concentration profile across a grain boundary at
a grain growth rate v can be computed. α denotes the growing grain and Vm is the molar
volume per substitutional atom. The u-fraction uk is defined from the normal mole
fraction xk as
uk =

xk
∑ xl

(4)

l

where l in the denominator is substitutional atoms only. Therefore, if there are no
interstitial elements, the u-fractions would be identical to the mole fractions. ∂φ j is the
gradient in diffusion potential which works as the driving force for diffusion. The
diffusion potential is defined as φ j = μ j − μ n where j is a substitutional solute and n is
the solvent in a dilute solution. μ is chemical potential. The parameters Lkj′′ are
related to the diffusion mobilities of different elements.
n
uj
L'ki' = ∑ (δ ij − ui a j )(δ jk − u k a j ) M j
Vm
j =1

(5)

Here, δ ij is the Kronecker delta with δ ij = 0 unless i = j . If the atom is a

substitutional element, a j = 1 . On the other hand, if the atom is an interstitial element,
a = 0 . M j is the intrinsic diffusional mobility of species j.
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6. 3. 2.

Balancing driving force and dissipation energy for grain

growth

The balance between the driving force ( ΔG tot ) and dissipation energy
( ΔG sd + ΔG fric ) yields equation (6).
ΔG tot = ΔG sd + ΔG fric

(6)

For calculating the grain growth rate, the driving force ( ΔG tot ) is the excess energy that
a polycrystal possesses over the energy of a single crystal. This excess energy is
recognized as surface tension, explained by the Gibbs-Thomson effect. Therefore, the
driving force is defined by equation (7). [6.11]

ΔG tot =

2σVm
r

(7)

Here, σ is the grain boundary energy and r is the mean radius of the grains. Total
dissipation energy is energy resulting from the solute drag ( ΔG sd ) in addition to
dissipation of the Gibbs energy resulting from grain boundary friction ( ΔG fric ). The two
kinds of dissipation energy are defined by equations (8) and (9), respectively. [6.5]
ΔG sd = −

ΔG fric =

Vm
v

n −1

⎛ ∂φ ⎞
J k ⎜ k ⎟dz
−∞
⎝ ∂z ⎠

∑∫
i =1

∞

(8)

v
Vm
M

(9)

Here, M is boundary mobility of a pure metal (not the intrinsic diffusional mobility,

M j ). The grain growth rate at equilibrium between the driving force and total
dissipation is the steady state velocity of grain growth, v.

In order to calculate grain size evolution, the following procedure should be
applied. Dissipation energy of the solute drag is caused by grain boundary movement
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with velocity, v. If grain boundary does not move, energy is not dissipated by the solute
drag. The velocity, v is solved by equation (6) at first time increment. During grain
growth with velocity, v, it is natural that grain size increases gradually. As a result of
this, the driving force for grain growth decreases. Therefore, a grain size ( r ) in
equation (7) must be renewed, and then the velocity must be solved for the following
time increment. This calculation flow corresponds to the suggestion

[6.5]

as "The net

driving force is obtained after subtracting the capillarity effect if the interface is
curved.".

6. 3. 3.

Grain boundary modeling for the segregation effect

Some elements, especially microalloying elements, segregate at grain
boundaries, and this significantly retards grain growth. Therefore, in order to calculate
the grain growth rate, this segregation effect should be considered. According to a
model by Hillert et al.

[6.4]

for an interface during phase transformation, an energy gap

across the boundary is defined to make the model more realistic. In this study, a similar
approach is applied to consider the segregation effect for the solute drag model. The
segregation effect is introduced as segregation energy into the energy gap between the
grain boundary and internal grain. The corresponding equations (3) and (8) are modified
to (3)' and (8)'.
n −1
⎛ ∂φ
∂ΔGkseg
J k = −∑ Lkj′′ ⎜⎜ j +
∂z
j =1
⎝ ∂z

ΔG sd = −

⎞
⎟⎟
⎠

(3)'

Vm n −1 ∞ ⎛ ∂φk ∂ΔGkseg ⎞
∑ J k ⎜ + ∂z ⎟⎟dz
v i =1 ∫− ∞ ⎜⎝ ∂z
⎠

(8)'
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ΔGkseg expresses the segregation energy of component k. It should be noted that ΔGkseg
is non-dimentionalized by dividing RT as well as φk .

It is known that both (i) the difference in atomic diameter between a solvent
and a substitutional element, and (ii) the solubility of a substitutional element strongly
influence the segregation energy. [6.11], [6.12] In order to consider both factors in ΔG seg , it
is assumed to be expressed as equation (10).
ΔG

seg
k

(ΔG
RT =

solb
k

RT

)

A

(

+ ΔGkdia RT
C

)

B

(10)

Here, ΔG solb is the factor for the solubility and ΔG dia is the factor for the difference
in atomic diameter. A, B and C are parameters to be determined. Based on experimental
results

[6.11]

, ΔG solb can be written as:

(

)

ΔGksolb = ln 1 / xksolb ⋅ RT

(11)

By fitting experimental results

[6.12]

, ΔG dia derived from the difference in

atomic diameter between the radius of the substitutional element ( r subs ) and the radius
of the solvent ( r solvent ) is related by:
ΔG

dia
k

⎛ rksubs − rksolvent ⎞
⎟⎟
= 2000 ⋅ ⎜⎜
solvent
r
k
⎝
⎠

2

(12)

A grain boundary is divided into 3 zones. The central zone has an energy gap
( ΔG seg ) from the interior of the grains. The properties of both side zones represent a
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gradual change between the interior of the grain and the central zone. A schematic
diagram of this grain boundary model is shown in Figure 6. 1.
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Energy difference between
internal grain and grain boundary

Internal
grain

Grain boundary

Internal
grain

ΔGseg

Position

Figure 6. 1

The schematic diagram of a grain boundary model.
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6. 3. 4.

Estimation of contribution rate of solute drag for grain

growth

In the proposed model, the velocity of grain boundary movement is calculated
by the balance of the driving force and dissipation energy of the solute drag and
boundary friction. In this section, contribution rate of the solute drag for grain growth in
total dissipation energy is discussed.

In order to estimate the driving force, an average grain size ( r ) is assumed as
50 μm. For the boundary mobility of a pure metal, estimation by Turnbull

[6.13]

is

applied.
M=

δDgbVm

(13)

b 2 RT

In this equation, δ is the grain boundary width, D gb is the grain boundary
self-diffusion coefficient and b is magnitude of the Burgers vector. According to
equation

(6),

dissipation

energy

of

the

solute

drag

is

estimated

by

ΔG sd = ΔG tot − ΔG fric . Contribution rate of the solute drag and boundary friction is

shown in Figure 6. 2. In this figure, it is obvious that major contribution for grain
growth is the solute drag in the range of velocity of grain growth. Therefore, it is
important that estimation of dissipation energy of the solute drag be exact to calculate
grain growth rate.
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ΔGfric / ΔGtot, ΔGsd / ΔGtot

1.0
0.8

ΔG sd / ΔG tot

0.6
0.4

ΔG fric / ΔG tot
0.2
0.0
-10

-9

-8

-7

-6

-5

Velocity of grain boundary movement log(v) / m/s

Figure 6. 2

The contribution rate of the solute drag and boundary friction for grain
growth.
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6. 4.

Calculation results and discussion

6. 4. 1.

Parameters determination

There are three unknown parameters (A, B and C) in equation (10). The process
to determine those parameters is discussed here. If there are three simultaneous
equations for three unknown parameters, the equations can be solved to determine the
parameters. This is the basic concept for determining parameters A, B and C.

The grain growth rates at high temperatures in five steels were measured [6.14 ].
Grain growth rates measured in three steels without precipitations are applied for this
study. The chemical compositions of the steels investigated are shown in Table 6. 1.
The three materials represent a base steel without microalloying elements (steel 1), a
V-alloyed steel (steel 2), and a (Nb and V)-alloyed steel (steel 3). Squared grain
diameters measured were proportional to time, and the factors of proportionality were
defined as rate constant. Substituting the rate constants in these three steels at 1473 K
into equation (6), three simultaneous equations for parameters A, B and C can be
prepared. By solving those equations numerically, the parameters A, B and C were
determined. With this procedure for determining the parameters, the segregation energy
is expressed by equation (14).

ΔG

seg
k

(ΔG
RT =

solb
k

RT

)

0.24

(

+ ΔGkdia RT
9 .0

)

1.30
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(14)

The segregation energies of several elements determined by equation (14) at
1473 K are shown in Figure 6. 3. The energy derived from the difference in atomistic
diameters between a solvent and a substitutional element, and the energy derived from
the solubility of a substitutional element are also shown in Figure 6. 3. The values of 0.7
and 1.4 for the boundary energy were used by M. Hillert et al. [6.4] and M. Enomoto [6.6],
respectively. (Concerning the value of 1.4, 8 kJ/mol was used originally in Ref. [6.6]. In
Figure 6. 3, in order to non-dimensionalize the value for the Y-axis, the value of 1.4 is
divided by RT.) The values determined by equation (14) are not very different from
these values. Therefore, the values determined by equation (14) are presumably valid.
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Table 6. 1

Chemical compositions of steels. [6.14]

Steel

C

Si

Mn

P

S

Al

1

0.06

0.05

1.58

0.0012

0.0012

0.027

-

-

0.0056

2

0.06

0.05

1.24

0.0013

0.0012

0.029

-

0.12

0.0055

3

0.06

0.05

1.26

0.0012

0.0012

0.028

0.046

0.06

0.0048
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Nb

V

N

Non - dimensionarized segretation energy

4.5

ΔG dia

4.0
3.5
3.0
2.5

ΔG solb

2.0
1.5

ΔG seg

1.0
0.5
0.0
Si

Figure 6. 3

Mn

Al

Nb

V

Determined segregation energy of elements.
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6. 4. 2.

Calculation conditions

The calculation procedure was coded using the Fortran programming language.
The concentration profile across a grain boundary was solved with the forward
difference method. It is known that the grain boundary energy ( σ ) changes depending
on the kinds of alloying elements and their quantity. However, the grain boundary
energy is defined as 0.2 J/m2 for all steels since all influence of alloying elements are
considered in equation (14) of this study. The width of the grain boundary was defined
as 1×10-9 m, and calculation length was defined as 3 times the width of the grain
boundary. The total number of grid points for a calculation was 601. The diffusion flux
( φ ) in each grid was calculated using Thermo-Calc ver.S

[6.15]

software along with the

thermodynamic database TCFE6. Thermo-Calc is based on the minimization of the total
Gibbs energy of the system and on the CALPHAD approach. [6.16], [6.17], [6.18] The Fortran
program was compiled with the Thermodynamic Calculation Interface to connect to
Thermo-Calc.

6. 4. 3.

Changing of concentration profile and grain size evolution

The concentration profile across a grain boundary was calculated for steel 3,
which contains Nb and V, with and without consideration of segregation energy. The
following calculation conditions were used: grain growth rate of 1.0×10-8 m/s and
temperature of 1473 K. The segregation energy for each element was determined by
equation (14) and applied for the calculation considering the segregation energy. In the
case of the calculation without consideration of the segregation energy, the value
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determined for Mn by equation (14) was defined as the segregation energy for all
elements.

The calculated concentration profiles are shown in Figure 6. 4. In Figure 6. 4,
y-axis shows segregation of each element. u and u0 mean that the u-fraction within grain
boundary and average concentration in bulk, respectively. x-axis is normalized by the
width of the grain boundary. The concentration profile calculated without consideration
of the segregation energy shows a tendency for the element, which has higher initial
concentration, to have higher concentration at a grain boundary as well. On the other
hand, the concentration of Nb increased significantly with consideration of the
segregation energy. Figure 6. 5 shows comparison of maximum segregation within
grain boundary between the calculation with and without consideration of the
segregation effect. It is recognizable that high magnitude of segregation by the
calculation with consideration of the segregation effect is a cause of retardation of grain
growth.

In the following, grain size evolution is calculated. Calculated grain diameter
and driving force of steel 2 at 1473 K are shown in Figure 6. 6. In Figure 6. 7, the
comparison of grain size evolution between experiment and calculations is shown.
Three types of calculations are conducted: the proposed model, the model without
considering the segregation effect of each substitutional element and the model
considering only boundary friction. The experiment and the only calculation by the
proposed model show reasonable correspondence. It means that it is necessary when
calculating grain growth rate to consider the solute drag and the segregation energy of
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each substitutional element.

Next, the reason why the relationship between squared grain diameter and time
is proportional is discussed. Figure 6. 8 shows the relationship between velocity of grain
boundary moving and dissipation energy of the solute drag. In the range of velocity for
grain growth, dissipation energy of the solute drag is proportional to velocity of grain
boundary. Therefore, dissipation energy can be represented by ΔG sd = C ⋅ v = C ⋅

dr
.
dt

Because of low contribution rate of boundary friction discussed in the section 6.2.2, the
relationship between the driving force and dissipation energy can be written as

dr
2σVm
=C⋅
. This equation can be simplified as t = C ′ ⋅ r 2 . As a result of that,
r
dt
squared grain diameter is proportional to time.
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(Using ΔGseg/RT = 0.06 for all elements)
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(ΔGseg/RT is determined by equation (1４))
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(a) The conventional method
(Without consideration of segregation energy)

Figure 6. 4

0.5

(b) The proposed method
(With consideration of segregation energy)

Calculated concentration profile across a grain boundary of steel 3
(v = 1.0×10-8
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m/s)

with the segregation effect
without the segregation effect
4.0
3.5

u / u0

3.0
2.5
2.0
1.5
1.0
Si

Figure 6. 5

Mn

Al

Nb

V

Comparison of maximum segregation within grain boundary of steel 3

between the calculation with and without consideration of the segregation effect.
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Figure 6. 6

The change of grain diameter and driving force of steel 2.
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Figure 6. 7

Comparison of grain growth of steel 2 between experiment and
models.
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Dissipation energy of solute drag ΔGsd / J/mol
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-9
-8
-7
-6
Velocity of grain boundary movement log(v) / m/s

Dissipation energy of the solute drag.
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6. 4. 4.

Calculation of temperature dependence of grain growth

rate

The proposed model offers the possibility to simulate temperature dependence
of the grain growth rate. This is because the diffusion potential ( φ ), the solubility limit
in ΔG solb and the intrinsic diffusional mobilities of species ( M j ) are included in the
proposed model. All of these factors have a temperature dependence. For the three
materials in Table 6.1, the grain growth rates at 1423, 1473 and 1523 K are calculated
by the proposed model. According to the experimental results [6.14], the initial grain size
( r ) for the driving force is determined at each temperature. Equation (6) is a non-linear
equation, therefore the grain growth rate is solved by iterations. As mentioned above,
squared grain diameter is proportional to time. Therefore that relationship is described
as
D2 = K ⋅ t

(15)

A comparison of the rate constant ( K ) is shown in Figure 6. 9. It is natural that the
calculated results at 1473 K show reasonable correspondence, since the parameters in
equation (14) were determined to fit the calculation results at 1473 K to the
experimental results at 1473 K. On the other hand, the same parameters in equation (14)
are given for the calculations at 1423 and 1523 K. The calculation results at 1423 and
1523 K simulate the influence of the microalloying elements and temperature well.
These correspondences show the validity of the proposed model, which incorporates the
segregation effect into the solute drag model, and its potential to predict the influence of
alloying elements and temperature dependence.
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Figure 6. 9

Comparison of grain boundary velocities between experiments and
calculations.
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6. 5.

Conclusion
A practical model to calculate grain growth rate has been developed. This

model is based on the solute drag model incorporating the segregation effect. Using this
model, the concentration profiles across grain boundaries and grain size evolution were
calculated. The calculated results to simulate the influence of microalloying elements
and temperature for grain growth show reasonable agreement with experimental results.
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Chapter 7:
Summary

In order to develop a theoretical model to predict grain size change during
recrystallization, detailed investigations must first be conducted. By the conventional
method, which requires a specimen to cool down to room temperature, microstructural
changes during recrystallization cannot be observed. Therefore, in this study,
development of the method suitable for observations of microstructural changes has
been conducted.

In chapter 2, the in-situ observation method has been developed. That
observation method enables us to observe microstructural changes at high temperatures.
By using that observation method, grain growth at high temperatures (1273 - 1523 K)
was observed, and grain size changes during grain growth were analyzed in detail. In
chapter 3, in-situ observations during application of small strains were conducted to
observe strain induced boundary motion (SIBM). Characteristics of SIBM, such as
initiating strain for SIBM and velocity of SIBM were measured by the results of the
in-situ observation. In chapter 4, dynamic recrystallization was observed by the in-situ
observation method. These results were the first observation of microstructural changes
during hot deformation at 1473 K, which was until now, considered very difficult to
observe. In chapter 5, the in-situ observation was applied to observation for phase
transformation during heating and cooling. Through these studies, it is confirmed that
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the developed in-situ observation method can be applied to observations for a wide
range of microstructural changes during hot deformation, heating and cooling.

In the following, as a fundamental of the theoretical model to predict grain size
change during recrystallization, a theoretically based model for predicting grain growth
was developed. The developed model is based on the solute drag theory and coupled
with thermodynamic calculations. Therefore, the model can be applied to evaluate the
influence of major alloying element for forging steels into grain growth. The developed
model for grain growth has the possibility to apply recrystallization by renewing the
driving force and considering nucleation of recrystallized grain.

The theoretically based prediction method for grain size change during
recrystallization will be developed by combining detailed observation results for
recystallization using the in-situ observation method with the developed prediction
model. This work should be a future challenge.
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