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The effect of deformation on microstructural changes in metals and alloys is the subject of considerable 
practical interest. The ultimate goal is to control, improve and optimize the microstructure and texture of 
the finished products produced by metal forming operations. The development in the subject field is 
remarkable but a more in-depth study could lead us to the better understanding of the phenomena.

In the present work microstructural evolution during the plastic deformation of as-cast pure metals and 
alloys is studied. An experimental method was developed to study the material behavior under the hot 
compression testing. This method was applied on the as-cast structure of copper, bearing steel, Incoloy 
825 and � brass at different temperatures and strain rates. The temperature of the samples was measured 
during and after the deformation process. The microstructure of the samples was examined by optical 
microscopy and scanning electron microscopy (SEM). The microstructural evolution during deformation 
process was investigated by transmission electron microscopy (TEM) and electron backscatter diffraction 
(EBSD). The samples were subsequently subjected to electron microprobe analysis (EMPA) to investigate 
the effect of the deformation on the microsegregation of Mo, Cr, Si, and Mn.

It was observed that the temperature of the samples deformed at strain rates of 5 and 10 s-1 increases 
abruptly after the deformation stops. However, compression test at the lower strain rates of 1 and 0.5 s-

1 revealed that a constant temperature was maintained in the early stage of deformation, followed by an 
increase until the maximum temperature was obtained. This temperature behavior can be explained by the 
microstructural evolution during the deformation process. Micrograph analysis revealed the formation of 
deformation bands (DBs) in highly strained regions. The DBs are highly effective sites for recrystallization. 
The interdendritic regions are suitable sites for the formation of DBs due to the high internal energy in 
these regions. EMPA indicated a tendency towards uphill diffusion of Mo in the DBs with increasing 
strain. The effect of strain on the dissolution of carbides in the band structure of bearing steel was 
investigated by measuring the volume fraction of carbides inside the band structure at different strain 
levels. The results indicate that carbide dissolution is influenced by strain. 

The microstructural evolution inside the DBs was studied as a function of several properties: temperature, 
internal energy, and microsegregation. Compression of � brass revealed that twinning is the most 
prominent feature in the microstructure. EBSD analysis and energy calculations demonstrated that the 
twinning is not due to a martensitic process but rather the order/disorder transition during the deformation 
process. The effect of heat treatment at Tc (650°C) prior to deformation on the microstructure of � brass 
was also investigated, which revealed a relationship between twin formation and the anti-phase domain 
boundaries 

Key words: plastic deformation, compression test, recrystallization, deformation band, As-cast , 
microsegregation, carbide dissolution, disordered structure, order/disorder transformation, twining, steel,  
� brass, copper   
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1.1 Metal forming 

Metal-forming technology is unique among manufacturing processes due to its ability to produce 
parts with superior mechanical properties while minimizing material waste. In this process, a simple 
structure such as a cast ingot or a continuous cast billet or slab is plastically deformed by one or more 
operations to produce a relatively complex configuration. This process is used to both shape the material 
and control its mechanical properties (for example, grain size). The porosity and cracks in large cast 
ingots are eliminated by metal working. In general, metal-forming processes are classified into two 
categories: hot working and cold working. In hot working, deformation occurs at a high temperature and 
a high strain rate to produce a large strain (� =2-4), and the recovery process occurs during the 
deformation. The temperature of hot working is above 0.6 Tm, and the strain rates are in the range of 0.5 
to 500 s-1. Hot working occurs at a constant flow stress, and the energy required for the deformation is 
much less than that required for cold working. Hot-working processes such as rolling, extrusion, or 
forging are used in the first step of converting a cast ingot into wrought products. Dynamic recovery and 
recrystallization are the two mechanisms responsible for softening in hot working. Dynamic 
recrystallization is the softening mechanism for metals and alloys (for example, copper, austenitic 
stainless steel, and nickel) that have a low stacking fault energy.  

In cold working, deformation occurs under conditions at which a recovery process is not effective. 
The flow stress in cold working increases due to strain hardening. Therefore, the total deformation is 
very small. The strength or hardness of a material increases as a result of cold working, and ductility 
decreases.  

1.2 Plastic inhomogeneity  

In the analysis of plastic deformation, the dimension and the properties of a material are usually 
assumed to be uniform. However, in reality, the materials are inhomogeneous; the cross sectional 
diameter and the thickness can vary throughout a material, and variations in grain size, composition, and 
crystal texture can occur [1].  

Figure1. 1 Schematic representation of shear band formation during the compression test on cylindrical sample 

Polycrystalline materials feature large in-homogeneities due to the random crystal orientation and the 
preferences of slip system for the specific acting stress. The presence of secondary phases also 
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influences the plastic homogeneity, which can induce greater stresses and larger deformations in the 
neighboring grains. The softening process and properties and strength of a material are all affected by 
inhomogeneous plastic deformation. Plastic instability in deformation can cause the formation of 
deformation bands (DBs) and shear bands, which are linked to the development of texture. The materials 
properties differ depending on the direction of deformation. Figure 1.1 shows a schematic of the 
formation of shear bands during compression [2].  

� ! � ������
������
���"�#$�

The main features of the microstructure of deformed metals with medium to high stacking fault 
energies can be classified in terms of heterogeneities such as dislocations, cells, subgrains, shear bands, 
and deformation and transition bands. DBs subdivide a grain on a large scale into different orientations 
as a result of inhomogeneous stress or the intrinsic stability of the grain during plastic deformation. The 
narrow regions between the DBs are called transition bands [3]. 

In recent years, the nature and formation of DBs has been studied intensively. Two types of DB were 
identified by Chin [4]. One type is due to the presence of more than one active slip system, which leads 
to different rotations at different strains. The second type is caused by inhomogeneous strain inside a 
grain. Lee et al. [5] examined the second type of DBs and demonstrated theoretically that two 
independent slip systems are sufficient to produce a DB. Kuhlman-Wilsdorf [6] has conducted extensive 
studies of DBs and explained their formation in terms of a low-energy dislocation model. The formation 
of a DB depends on the microstructure of the material and the deformation conditions. DBs occur more 
frequently in structures with coarse grain structures. Decreasing the grain size decreases the number of 
DBs. The grain orientation is an important factor that controls whether the grains deform homogenously 
or are fragmented by DBs. Inhomogeneity in the microstructure increases when the deformation 
temperature is decreased. DBs are highly deformed regions that are formed inside the grains along 
regions of high shear. Examples of DBs in copper and Incoloy 825 are shown in Figure 1.2a,b. The 
formation of DBs is due to the inhomogeneous deformation caused by a low deformation temperature 
and a large grain size. When copper deforms at a higher temperature (>350°C), recrystallization occurs 
in DBs. Recrystallization is observed inside the DB in Incoloy 825 when it is deformed at a higher 
temperature (>900°C). The deformation becomes homogenous at T>1100°C. 

  
Figure1. 2   Formation of DB (a) pure Copper (As-cast) sample (T=350°C, �=1 ��=0.1 s-1) (b) Incoloy 825 T=900°C 

�=0.55 

ba

    100 μm 
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Shear bands are DBs in highly localized deformation regions and extend across many grains or even 

through the whole specimen. The formation of these bands is independent of the grain structure and the 
crystallographic orientation. The bands form at ±35° to the compression plane. Shear bands are the 
result of plastic instability, and their formation depends on the grain size, the deformation temperature, 
and the composition (solute) of the metals. Figure 1.3 shows an example in which shear bands with an 
angle of ~ 40� form at the circumferential surface of a polycrystalline � brass sample at a strain of 0.7. 
Micro-shear bands can form when the shearing is confined to a single grain. 

Figure1. 3  Shear band in " Brass deformed at T=80 °C, � = 0.7, ��  = 0. 5 s-1

Hatherly (1982) reported that the morphology of shear bands in a low-stacking-fault material is quite 
different from that of shear bands that form in a material that does not develop deformation twins [7]. 
Most theories propose that shear bands form when the continuation of a deformation slip and the 
twinning mechanism are not possible. In rolled 70:30 brass, shear bands are observed at a strain of 0.8, 
and the number of shear bands increases with increasing strain. The typical thickness of shear bands is 
0.1-1 μm, and they consist of very small crystallized (volumes of most perfect lattice) [3]. 

1.3 Effect of deformation on microsegregation  

Ingots or continuous cast alloys undergo plastic deformation, which influences the homogenization 
process [8]. Microsegregations, which form during the solidification of the liquid cast, are eliminated by 
the homogenization process. The slow cooling rates in the large ingots increase the dendrite arm space, 
which makes homogenization almost impossible. Figure1. 4 shows the microstructure of bearing steel 
52100 in a sample taken from a five-ton ingot. The dark etching areas are the interdendritic regions, 
which feature a high degree of segregation and a large number of pores and inclusions. As the figure 
shows, the dendrite and inter dendritic region also has a different microstructure: the interdendritic 
regions have a spheroidized cementite microstructure, whereas the dendritic structure is pearlite and 
ferrite. 

The dendrite arm spacing is the most important factor for deducing the kinetics of homogenization 
because this space corresponds to the migration distance of the atoms. In order to homogenize the 
microstructure, a large ingot will deform severely so the dendrite arms spacing, decreases which 
increase the degree of segregation. [9] Weinberg and Buhr reported that deformation has little effect on 
subsequent homogenization kinetics [10]. Purdy and Kirkaldy noted that deformation decreases some 

Shear Bands 
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diffusion distances while increasing others; they suggested that the diffusional interaction among the 
solutes influences the homogenization of a material [11]. Martin and Doherty reported that deformation 
initially accelerates homogenization, but the last stages of homogenization are greatly delayed [9].  

     
Figure1. 4 (a) Bearing steel as-cast structure interdendritic are dark etched regions marked with ID that contains 
inclusions and large porosities, dendrite marked with D (b) Interdendritic region 1000X, cementite structure (c) 

Dendritic region 1000X, pearlite and ferretic structure

� & � �
����
���
��������������������'
����(��
The concentration of the solute in dendrite can be explained by a sine shape profile (Figure1. 5) while 

the Fick’s second law controls the diffusion in dendrite. The solution of Fick’s second law explains the 
concentration of alloying element as a function of time and position during the heat treatment [8]  .   

Figure1. 5 Concentration of alloying element as function of time and position in dendritic arm. Reproduced with 
permission from Hasse Fredriksson  

� � �� � �	
��	� ��� ����
����� ��� �� ����

�����  !��                                                                                                                       (1.1)                              

At time t the amplitude of the wave at position y is:  

"��#$!%����! � � � �� � �	
��	� ��� ����
� � ��� �� ����

��  !��                                                                                 (1.2)

The homogenization time can be calculated from following equation:  ! � �� 
���� &� � �	
��	��
������ ��                                                                                                                                                                  (1.3)

Where 

    20 μm     20 μm 

a b c 
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� is dendrite arm distance 
D is Diffusion coefficient; 
xoM max value of mole fraction at the center of dendrite in equilibrium condition; 
xom min value of mole fraction at the center of dendrite in equilibrium condition ; 
xM   max value of mole fraction at the center of interdendritic region  after t sec; 
xm   min value of mole fraction at the center of dendrite after t sec;

This mathematical model was used to describe the concentration distribution of alloying element in the 
band structure during the deformation process as a function of time and position. Where t is a 
deformation time.  
t=0 before the compression test starts. The dendrite arm distances decreases during the deformation. 
Therefor a factor (�) was considered for the decrease of the dendrite arm distances during deformation)  
Based on this model the diffusion coefficient during the deformation process in the DBs was calculated 
by flowing equation: ' � �() *

+�,-* ./ �012�01302�03�                                                                                                                            (1.4) 

� & ! #
���������)!�**���
������������
Large steel ingots with significant microsegregation usually exhibit a pearlite or ferrite banding 

structure after deformation. Banding occurs after severe deformation and in highly segregated regions. 
Many bearings are made by ingot casting. The bearing steel 52100 is produced by ingot casting and 
contains a coarse dendrite and pearlite structure with a large fraction of M7C3 eutectic carbides in the 
interdendritic regions. However, the deformation disrupts the dendrites and refines the carbides. The 
carbides mainly accumulate inside the band structure after the deformation. This band structure affects 
the final mechanical properties of the steel [12]. Figure 1.6 shows the bands in a bearing steel sample 
that have formed in the interdendritic region (dark etching). The dark etching region is a severely 
affected region and therefore has higher contrast than the unaffected region around it. The band structure 
forms in high-intensity shear regions, and due to the localized strain and high concentration of the 
alloying elements, the internal energy in the band is higher than in the matrix. 

Figure1. 6 As cast bearing steel specimen after compression deformed at T= 800 °C, � = 1, ���  = 0.5s-1, the band 
structure (dark etching area is clear in microstructure) form in interdendritic (ID) region 

100 μm 

DB

ID
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The dark etching area forms first, followed by the development of the white etching bands within the 
dark etching area. The white etching bands appear as a result of the large shear stress. While it is unclear 
if adiabatic heating is associated with localized deformation, white bands have been suggested to be a 
consequence of adiabatic shear bands. It has also been suggested that the formation of white etching 
bands is due to localized deformation, which leads to the dynamic recrystallization of very fine grains 
[13]. The investigation by electron diffraction pattern showed the rings correspond to very fine 
crystalline. There can be a further structure like amorphous region due to severe deformation, and 
extremely small voids. The cracks can be a reason of the week interface between crystalline and 
amorphous [14]. 

1.4 Deformation twin 

The formation of deformation twins [15] is an important mechanism in the plastic deformation of 
BCC and HCP crystals. The martensitic transformation theory (diffusion less shear transformation) is 
closely related to the theory of twinning. Twinning and martensitic transformations are both produced 
by new lattice orientations. The main difference between these two mechanisms is that the crystal 
structure of the martensitic lattice differs from that of the parent. Twinning occurs when the slip system 
is restricted due to Coulomb forces or when the resolved shear stress increases. Therefore, the twinning 
stress is lower than the slip stress, which explains the deformation of twins at low temperature and at 
very high strain rates. The twin forms by simple homogenous shear in the lattice, which causes the 
displacement of the individual atoms. In BCC metals, a twin forms in the elastic region of the stress-
strain curve before macroscopic yielding [16]. Twining occurs in a definite direction on a specific 
crystallographic plane for each crystal structure. In BCC structure (�Fe, Ta), twining occurs in plane of 
(112) [1145]. In BCC structure, strength and slip geometry shows an asymmetry for stress in twining and 
anti-twining plane [17]. The crystal defects and dislocation incorporate in the twin (trapped in the twin 
or forced back during the twin growth) .Figure 1.7 shows formation of deformation twin in 
polycrystalline � brass that formed at room temperature and strain rated 0.25 s-1. 

Figure1. 7 Deformation twin in " brass polycrystalline deform at room temperature � = 0.3, ��  = 0. 5 s-1

1.5 Recrystallization 

Dynamic or static recrystallization is the main mechanisms by which microstructural and textural 
changes occur during or after deformation. Static recrystallization and grain growth occur during the 
heat transfer that occurs after cold or hot deformation. Dynamic recrystallization normally occurs during 
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the straining. There is an increase in the flow stress curve during the initial stage of the deformation due 
to the increase in the dislocation density and the interactions between dislocations. This leads to an 
increase in the driving force and hence in the strain hardening; after a certain strain, the rate of the work 
hardening and the recovery reaches equilibrium [3].  

Recrystallization is the formation of a new strain-free grain in a deformed material and subsequent 
growth by consuming stored energy. Recrystallization can be divided into two regimes, nucleation and 
growth. Humphreys defined nucleation as a “Crystallite of low internal energy growing into deformed or 
recovered material from which it is separated by a high angle grain boundary” [3]. Nucleation of 
recrystallization is a very complex process, and the nucleation rate is not a simple parameter because the 
nucleation rate is not constant during the recrystallization process. The growth of new grains has been 
analyzed more often than the nucleation process. The growth of new grains depends on the stored 
energy and the frequency of a new grain having a low mobility boundary due to proximity to a grain of 
similar orientation in the deformation state. The recrystallization rates depend on the grain size and 
orientation, solutes, temperature, strain rate, and annealing conditions [3]. Figure 1.8a shows the 
nucleation inside the DBs in Incoloy 825. The low deformation temperature did not provide a sufficient 
driving force for growth, which was consequently stopped by quenching. However, in the sample 
deformed at 1000ºC and quenched after a compression test, nucleation and growth recrystallization 
occurred inside the DBs (Figure 1.8b). 

The microstructure of the specimen deformed at high temperature has a more homogeneous structure, 
and recrystallization occurred in most regions of the sample, even though the grain sizes are very large. 

   
Figure1. 8   Micrograph of As-cast Incoloy 825 after compression (a) T=800 ºC, �=1, �6 =5 s-1    quenched immediately 
after compression test, shows the nucleation inside the DBs (b) T=1000 ºC, �=0.7, �6 =5 s-1 and quenched immediately 

recrystallization occurs inside the DB 

1.6 Energy balance 

When a material is deformed plastically by cold working, the majority of the expended energy from 
the plastic deformation is heat, and the remainder is stored in the microstructure of the material. The 
cold-worked metal is unstable and undergoes recovery, recrystallization, and grain coarsening, which 
release the stored energy. The stored energy is usually assumed to be a constant parameter of 0.1 of the 
total deformation energy. Several measurements of the stored energy and the dislocation density 
resulting from the deformation have been performed on alloys and pure metals [18]. 

DB

Nucleation

Recrystallization   

DB 

a b
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The internal energy associated with cold working can be calculated based on the first law of 
thermodynamics: 78 � 9 � :                                                                                                                                          (1.5) 
Where �U is the change in internal energy, Q is the heat associated with the deformation, and W is the 
work. Figure 1.9 shows the true stress vs. strain curve and the temperature measurement during the 
compression test on copper and Incoloy 825.  
The area under the true stress vs. strain curve is the deformation work per unit volume:  : � ; <=�>?                                                                                                                                              (1.6) 
                                          

   
Figure1. 9 True stress and temperature vs. strain (a) compression test on Cu  ��  = 0.5 s-1(b) compression test on 

Incoloy 825 ��  = 10 s-1

If the deformation process is performed under adiabatic conditions, the temperature is expected to 
increase during the deformation process, and this change can be calculated by the following equation: 

7@� � A ; BC>DEFG ����������������������������������������                                                                                                        (1.7) 

Where the density is �, the heat capacity is C, and � is the fraction of energy transferred to heat, 
which is equal to 0.9. 

Experiments performed under adiabatic conditions are explained in Chapter 2. The deformation time 
was short, and the radiation from the heating system (lamps) compensated for the heat loss by 
conduction from the sample to the tools and by convection to the surroundings. Thus, it was reasonable 
to assume that the heat loss to the surroundings by conduction and convection was negligible and that 
the process was adiabatic. Based on the measurements, there was no specific temperature gradient across 
the volume of the specimen. Thus, the temperature increase 	Ttheory during the deformation process 
under adiabatic conditions can be calculated using equation (1.7). When the deformation process is 
nearly adiabatic, a temperature increase in the sample during deformation is anticipated. However, 
Figure1. 9b indicates that the temperature increase is negligible during the deformation, and the sample 
deforms rather isothermally at a high strain rate. 
The calculated theoretical 	Ttheory values can be compared with the temperature increase 	TExperiment
determined from the thermocouple measurements during the compression test.  
	TExperiment = T2 - T1                                                                                                                                                                                                 (1.8) 

Where T2 is the temperature after the deformation and T1 is the temperature before the deformation. The 
temperature increase in the samples during the deformation process corresponds to less than 60 to 65% 
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of the mechanical energy input. Many researchers have reported this fraction to be from 80 to 90% of 
the total deformation energy [19, 20]. 
It appears likely that the added energy causes an increase in the internal energy of the system. The 
energy added to the system, the stored energy Esto, can be calculated with the aid of the following 
equation:  HIJK � � LM � 7@NOPQRS � LM � 7@T0MPRUVPW+��� XYZ ���������                                                                         (1.9) 

Where Cp is the heat capacity.                                                                                                                                         
The stored energy of cold working has been calculated for metals and alloys [18]. The stored energy 
increases strongly with increasing strain, and the stored energy varies approximately linearly with the 
strain. The experimentally determined stored energy was significantly higher than the stored energy 
calculated by other researchers [21] (Figure 5, Supplement 1). The DB is a highly strained region that 
has a very high internal energy.  

The formation of DBs with a high internal energy might be regarded as an adiabatic melting process. As 
a result, the temperature of the sample does not increase, and hence all of the deformation energy that 
was transferred to the sample is used to form the disordered, semi-liquid amorphous structure in DBs. It 
is essential to calculate the internal energy inside the bands and to compare it with the heat of fusion. 
The structure can formally be divided into two parts, one with a disordered structure, which corresponds 
to the volume fraction of the deformation bands, and another with a soft deformation, which is caused 
by the movements of the dislocations. The stored energy causes an increase in the internal energy, which 
is associated with the formation of dislocations and vacancies. The stored energy is converted into 
dislocation energy and the energy of the disordered structure in the DBs. The volume fraction of DBs in 
the sample is fdo, which can be measured by a grid method. The stored energy can be calculated from 
equation (1.9) and is also given by: H[+Q � \CU[]Q^_+UQWHCU[]Q^_+UQW � \CQHCQ                                                                                   (1.10) \CU[]Q^_+UQW � 4 � \CQ                                                                                                                      (1.11) 

In equation (1.10), the stored energy and the dislocation energy are known, and fdo is measured by the 
grid method. Hence, the energy of the disordered structure Edo can be calculated using the following 
equation:   HCQ � T`a1��b�cd1 Tde`f1ghae1i�cd1                                                                                                          (1.12) 

In fact, the volume fraction of the disordered structure for �  

 0.1 and � = 0.15 is infinitesimal because the deformation occurs by grain elongation in the direction of 
the flow stress and by dislocation movements. Thus, the deformed bands form in the grains close to the 
thermocouple hole because of the high stress concentration, but the formation of DBs in the � > 0.35 
samples is independent of the stress concentration. For the deformed samples with � = 0.35 to 1, the Edo 
can be compared with the -�H of the samples.
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2.1 Compression test 

The metal-working process involves a large plastic deformation (� = 2 to 4) at a high temperature at 
which the flow stress is sensitive to the strain rate. Therefore, the test should be conducted under a 
controlled temperature and at a constant strain rate. To predict the metal-forming load and the stresses, 
the compression of a short cylinder between the anvils is a very useful and appropriate test that avoids 
the issue of necking that occurs in the tensile test. It is possible to deform the specimen until a strain of 2, 
at which point the material becomes ductile. However, the friction between the tools and the sample 
must be controlled. In a compression test, a cylinder specimen with a diameter of D0 and an initial height 
of h0 is compressed to height h and a diameter D.  
Assuming that the volume remains constant:  'jklj� � 'kl                                                                                                                                            (2.1)                 
During the deformation, the diameter increases, and the friction force increases opposite to the outward 
flow of the metal. This causes the specimen to acquire a barrel shape, while the cone shape portion 
which is in contact with the tools remain unreformed (Figure 2.1).   

Figure2. 1 Deformed region and dead metal zone of a compression test 

The true plastic stress &�produce by a force P is a follows:�  m � ,n-o*                                                                                                                             (2.2)
Using the volume constant relation, the stress is determined by the following: m � ,nO-oj*Oj                                                                                                                           (2.3)

And the true strain is as follows: �+� � pq OjO                                                                                                                                               (2.4) 

2.2 Experimental 

Compression tests were conducted on pure copper, bearing steel, Incoloy 825, and � brass samples 
with a cylindrical shape (D = 8 to 10 mm and H = 10 to 12 mm). The experiments were performed at 
different temperatures and strain rates and were interrupted at different strain levels (� = 0.1 to 1.6). The 
experimental procedure consisted of three main segments. The samples were heated to the desired 
temperature and held there for 1 to 2 min to stabilize the temperature. The heating system is explained in 
the following section. The compression test was performed using an MTS machine at a specified strain 
rate and strain. The system was programmed to turn off the lamps after compression. A hole with a 
diameter of 1.15 mm and a depth of 5 mm was drilled into the middle of the sample to measure the 
temperature variation in the centre of the sample during the whole procedure using a K-type 
thermocouple. 
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2.3 Heating process (IPS system)  

An IPS system was used to heat the specimen before and during the compression test. This system 
consisted of three lamps, each placed at 120'� around the sample to ensure that the sample was uniformly 
heated. The power of each lamp was 700 W. The lamps were placed in a polished, gold-plated reflector 
to concentrate the light beam onto the sample (Figure2. 2a,b). The position of each lamp was adjusted to 
focus the light beam onto the center of the sample (Figure2. 2c).   

                           
Figure2. 2 (a) Hydraulic testing machine MTS 810 (b) MTS tools, sample and lamps arrangements (c) schematic set the 

focal point of the lamps on the centre of the sample 

The lamps were connected with a controller that provided the required voltage to control the heating 
rate and the maximum temperature. A K-type thermocouple inserted into the sample provided feedback 
on the sample temperature to the controller. The controller then regulated the input voltage according to 
the feedback. The temperature data were logged by the controller into the same data file as for the MTS. 
Figure2. 3 shows a schematic sketch of the MTS and the IPS systems.  

The samples were heated at a constant heating rate to reach the desired temperature and then held at 
that temperature for 1 to 2 min to stabilize the temperature inside the sample and the tools. Then, a 
compression test was performed at a constant speed and with a specific displacement. 

Figure2. 3  Schematic for the working of MTS and IPS system

a b c 

tool

Specimen  

Lamps
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2.4 Material Testing Machine (MTS) 

A standard hydraulic material testing machine (MTS) was used for the compression testing. The 
maximum capacity of the machine was 100 KN. The tools for the machine were made from Nimonic 75, 
which is a heat-resistant material. To reduce friction and heat transfer, 0.15-mm-thick aluminum oxide 
laminates were placed between the tools and sample on both sides. The MTS operates on a relative 
coordinate system. The temperature of the sample, the amount of deformation, and the force during the 
test were recorded by the control system of the MTS machine. 

The sample was held by two tools. The upper tool was locked by the hydraulic system at a particular 
height during the test, and the lower tool applied pressure to the sample at a constant speed. The 
reference distance between the tools was set to zero when the lower tools moved upward and the tips of 
the tools were in full contact with each other. Then, the sample and the lubricant were placed between 
the tools as shown in Figure2. 2. To grasp and properly hold the sample before the start of test (during 
the heating period), a small force ranging from 200-50 N was applied. The displacement on the MTS 
screen was the sum of the height of the sample and lubricants. The force remained constant during the 
heating process, and the specimen expansion increased the displacement. The expected expansion length 
of the sample during the heating process was calculated and used as the initial height of the sample for 
the compression test. The final height of the sample was calculated based on the strain. pU � rp?7@                                                                                                                                               (2.5) � � pq � ]]e�                                                                                                                                                (2.6) 
The controller was programmed based on the compression time and the reduction in the height from the 
reference point, which are specified by the following equations:   s � >>6     and   7p � pU��P � 4                                                                                                                  (2.7) 
During compression, the lower tool moved upward and applied the force with a constant speed, which 
was adjusted by the controller along with t and 7p  .  
The controller recorded the information about the applied force, the tool movement, and the temperature 
variation through the sensors. The tools opened very rapidly after the compression was performed 
completely to access the sample for quenching. The samples were immediately quenched in water to 
preserve the deformed structure and to avoid recovery and recrystallization after compression. 
 The experimental set up was designed to maintain adiabatic conditions during the compression test and
ensure that the sample was isothermal.    
-The tools were heated with the samples during the heating. The holding time was sufficient for the 
system to reach a steady-state condition. The temperature profile of the sample was isothermal prior to 
compression. The lamp radiation compensated for the heat loss from the sample to the tools. Thus, it 
was reasonable to assume that the heat lost to the surroundings by conduction and convection was 
negligible. The deformation process was considered an adiabatic process due to the steady-state thermal 
conditions and the short compression time. The adiabatic condition was confirmed by measuring the 
temperature at four points on the tools and the sample while the compression test was performed (Figure 
2.4). Although these points are not very close to the sample (the distance between M2 and the top of the 
sample was 1 cm, and the distance from M0 to the sample was 1.5 cm), the measurements indicate that 
the tools were under steady-state conditions during the compression test.  

-The compression test was performed under isothermal conditions. The deformation was performed 
within a short time. The characteristic time for thermal diffusion through the sample was 0.06 sec 
according to the relation�s� � � tkuvr, where x is the radius of the sample, i.e., 5 mm, and �Cu is the 
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thermal diffusivity of copper, i.e., 1.04×10-4 m2/s. According to the measurements, there was no 
temperature gradient across the volume of the specimen.  

    

Figure2. 4  (a) Schematic sketch of the sample and tools, temperature of the tools were measured at four points (b) the 
temperature-time curve of the samples and tools during the heating, compression and after deformation (c) the 

temperature measurements during the compression test (� = 0.7, �˙= 0.5 s-1) from t1=300.8 s to t2 =302.1 s 

-The characteristic time for thermal diffusion through the steel sample was 1.2 sec for the sample with a 
diameter of 10 mm; �steel is the thermal diffusivity of steel, i.e., 5.03×10-6 m2/s. Because the sample was 
held for 2 min to stabilize the temperature before compression, the steel sample was maintained under 
isothermal conditions.  

-The effect of the stress concentration generated by the thermocouple hole on the flow stress curve and 
the microstructure was examined by performing a compression test on samples without holes and 
measuring the temperature at the surface of the samples. The stress concentration did not influence the 
flow stress curve for strain larger than 0.2 (Figure2. 5).  

Figure2. 5 Flow stress curve of the samples deformed at (T=300°C , �˙= 0.5 s-1 ) one sample temperature measured 
from surface (without thermocouple hole) and a sample with the thermocouple hole

2.5  Projects:  

The new experimental method presented here was developed to study microstructural changes in as-
cast metals and alloys during the hot compression test. The formation of DBs, microstructural changes, 
and microsegregation during the deformation were investigated. The stored energy was calculated. The 
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first project was performed on pure copper, which has a single phase with an FCC structure, high 
conductivity, and high ductility, even at low temperature. This material has been used to model hot 
compression behaviour, and its stored energy has been calculated by many researchers. This 
experimental method has also been used on steel, which is one of the most widely used alloys across the 
world and has versatile properties. The main focus was on the microstructural changes and the 
microsegregation in DBs during the compression test. An intermetallic compound with a CsCl structure, 
� brass, was also investigated in the compression test. 

2.5.1 Copper    

The samples were taken from a continuous cast structure of pure copper 99.9% Cu that was machined 
into a cylindrical shape with a diameter of 10 mm and a height of 12 mm. The samples were heated to 
300˚C and held at that temperature for 1 min. Then, a compression test was performed at a strain rate of 
0.5 s -1 and at interrupted strain levels of 0.1, 0.15, 0.35, 0.55, 0.75, and 1.0. The samples were 
immediately quenched in water to avoid recovery and recrystallization after compression. Each 
experiment was repeated 4 times to determine the standard deviation and the measurement error. The 
flow stress curves of the samples were registered, and the true strains and stresses were calculated. 
Samples were excised longitudinally along the central axis to study their microstructure by optical 
microscopy. Samples were extracted from the high-intensity shear regions for TEM investigation. The 
samples were prepared by electro polishing to reduce the deformation caused by mechanical polishing. 
For electro polishing, the sample was treated in 600 ml methanol and 300 ml HNO3 at 10 V for 20 sec. 

2.5.2 Bearing Steel     

The hot compression test was conducted on as-cast bearing steel. The chemical composition of the 
bearing steel is given in (Table 1, Supplement 2). The samples were machined with a cylindrical shape 
and an aspect ratio of 1.2 (D = 8 - 9 mm and H = 10 - 11 mm) from pieces that were extracted from a 5-
ton ingot. Table 2.1 shows the experiment details. Samples were heated to reach the desired temperature 
and held at that temperature for 2 min to stabilize the temperature of the sample and the tools. The 
samples were quenched in water immediately after the compression test to terminate the homogenization 
process. Experiments were performed over a temperature range of 800°C - 1000°C, which is close to the 
eutectic point.  

Table2. 1 Experiment (bearing steel)

To determine the temperature of the phase transformation, differential scanning calorimetry (DSC) 
was performed on the as-cast samples. Samples were excised longitudinally along the central axis, 
mounted, and prepared for optical and electron microscopy (SEM). Viella and Nital 2% were used as 
etchants. . EMPA was performed over an area of 0.04 mm2 containing the band and the matrix to 
investigate the microsegregation of Mo, Cr, Mn, and Si during the deformation process. To analyze the 

Exp. Temperature (˚C ) �˚  (s-1 ) �

1 800 
0.5 0.1   0.15   0.25   0.4   0.75   1  1.2   1.6 

0.2  0.4   0.7    1   1.2   1.6 
0.7  1.6  

5 
0.05 

2 900 
0.5 0.1   0.4   0.7   1   1.2    1.6 

0.2  0.4   0.7    1   1.2   1.6  
0.7   1.6   

5 
0.05 

3 1000 
0.5 
5 
0.05 

0.7   1.6 
1.6   
0.4  0.7  1.6 
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microstructure, EBSD was performed on some of the samples. Some samples were prepared for TEM 
analysis. 

2.5.3 Incoloy 825     

The compression test was applied to cylindrical specimens with D = 9 mm and H = 11 mm from a 
continuous cast structure of Incoloy 825. The chemical composition is given in (Table 1, Supplement 4). 
The samples were machined from the cross section of a continuous cast slab (24 to 34 cm) from the 
center and from the columnar zone. Table 2.2 shows the experiments. The sample was immediately 
quenched in water after deformation to prevent recrystallization and recovery. The samples were cut 
longitudinally and investigated by optical and electron microscopy. V2A solution (100 ml water, 100 ml 
HCL, 10 ml HNO3, and 0.3 ml Vogel special reagent) was used to etch the samples. The samples were 
studied by EBSD. EMPA was performed over an area of 0.04 mm2 to investigate the effect of 
microsegregation of Mo in the DBs. 

Figure2. 6  Cross section of continues cast structure of Incoloy  825 ,  cutting  and extracted the piece form slab cross 
section  

Table2. 2  Experiment (Incoloy 825) 

2.5.4 � Brass:  

Samples were obtained from a casted block of � brass with 50% Cu-Zn. The cylindrical specimens, 
which had varying diameters and lengths (the aspect ratio varied from 1.6 to 0.79) were subjected to 
compression tests using a hydraulic testing machine, MTS 810, at a temperature range of 400 ˚C - room 
temperature. The compression tests were performed at a strain rate of 0.01-0.5 s-1 with interrupted strain 

Exp. Temperature (˚C ) �˚  (s-1 ) �

1 800 
1 0.4   0.7   1  1.2    5 
10 

2 900 
1      

0.4   0.7   1  1.2     5 
10 

3 1000 
1 
5 
10 

0.4   0.7   1  1.2     

4 1100 
1 
5 
10 

0.4   0.7   1  1.2     
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levels of 0.02 to 1 (Table 2.3). The samples were quenched in water immediately after compression. The 
temperature in the center of the sample during deformation was measured with a K-type thermocouple.  

To explain the formation of shear bands in � brass, it is important to understand their initiation. 
Highly developed shear bands can pass through the entire cross section of the sample. To retrieve this 
information, many experiments were performed at different temperatures, strains, and strain rates. The
conventional approach of varying one parameter while keeping the remaining parameters constant was 
used to determine the onset of the shear bands. 
The anti-phase domain boundary (APB) in � brass is influenced by quenching above Tc, which can 
affect the deformation mode. Brown and Smith demonstrated that it is almost impossible to preserve the 
disordered structure at room temperature, even with a drastic cooling rate [21,22]. To study the effect of 
the APB during plastic deformation, some of the samples were heat treated before performing the 
compression test. The material was heated to 650°C (above Tc) in different furnaces and then cooled 
down or quenched. Table 2.4 shows the details of the heat treatment. The compression test was 
performed on samples at room temperature at a strain rate of 0.25 s-1. 

Table2. 3 Experiment (� brass)

The flow stress curves of the samples were registered, and the true strains and stresses were calculated. 
Samples were cut longitudinally along the central axis to study their microstructure via optical 
microscopy and SEM. EBSD analysis was used to characterize the final microstructure and the 
deformation texture.  

Table2. 4 Heat Treatment parameters 

Exp. Temperature (˚C ) �˚  (s-1 ) �

1 400 0.5 1 

2 350 
0.01      

0.5 0.1 
1 

3 300 0.5 
0.75 0.75 ,0.3 

4 Room Temperature 
0.5 
0.125 
0.25 

0.75, 0.3 
0.02 
0.02 to 0.3 

Sample Temperature (˚C ) Cooling time  
17 , 22 ,23 650 1 s 
18,20 650 108 min 
21 650 24 hr 
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3.1 Results 

& � � +��	�����������������������������������

 The flow stress curve and the temperature variation during the compression test were determined 
(Figure 3.1). The flow stress curves show that the strain hardening and the temperature measurements 
during the deformation process at the beginning of deformation (under low strain) were almost constant 
and began increasing at strain values of 0.4~ 0.5.     

Figure3. 1  Flow stress and temperature vs. strain curve of pure Copper deformed at 300 °C, �˙ = 0.5 s-1     �=0.1 

The average grain size of the as-cast material was 1100 μm. The microstructural evolution in the coarse 
grain structure was different from that in the fine structure, as shown in Figure 3.2. The deformation in 
the strain range of 0.35 to 0.55 caused the formation of DBs in highly stressed regions within the grains. 
In the middle areas of the samples, parallel bands emanating from the grain boundaries into the grains 
were observed. The DBs developed more frequently inside the sample, and their density increased 
simultaneously. The grains elongated in the direction of the flow stress by increasing the strain to 1 (Figure 
3.2a). Micrographs of the samples that were strained at less than � = 0.15 revealed the formation of DBs 
in a few of the grains in the middle of the sample (Figure 3.2b). The formation of deformed bands in the 
grain next to the thermocouple hole is due to the stress concentration in this region. The micrographs of 
samples without a hole demonstrate that the effect of the stress concentration on the formation of deformed 
bands decreases with increasing strain. The stress-strain curves of the samples without the thermocouple 
holes show a similar effect (increasing the strain reduces the effect of the stress concentration) (Figure 
2.5). 
The micrographs of the samples that were deformed at a strain of more than 0.6 show two different regions 
on their surface, a dark and a white region (Figure 3.2a-d). The dark etched regions are highly deformed 
regions with some clustering and alignment of the DBs, as shown in Figure 3.2. This dark region reacted 
more with the etchant than the matrix, which is evident as deep grooves after etching that lead to dark 
contrast in optical microscopy. These bands are visible on the surface of the sample. The matrix has bright 
contrast in comparison to that of the DBs. Figure 3.3 shows the DBs with some nucleation of new grains 
inside the bands. The flow stress curves and the optical microscopy images do not show much evidence 
of recrystallization. Only a small amount of recrystallization and a few nuclei could be observed in the 
DBs, and the quenching stopped their growth. Experiments were performed to investigate the effect of the 
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time delay before quenching on the recrystallization process. In the samples quenched 50 s after the 
deformation, evidence of nucleation of recrystallization was observed. 

  

  
Figure3. 2  Optical micrograph of Copper deformed at 300°C and �˙= 0.5 s-1   (a) deformed �=1.2 Dark region is DBs 

(high strained region) and the matrix has a brighter contrast (b) �=0.15 (c) �=0.55 (d) �=0.35 
                       

  
Figure3. 3 Optical micrograph of copper deformed at300°C and �˙= 0.5 s-1  (a) sample quenched immediately after 

deformation �=0.75 (b) sample quenched with 50 sec delay after deformation �=0.75  
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The DBs were studied by TEM (Figure 3.4). The specimen was taken from the DBs of the sample with a 
strain of 0.55. 

Figure3. 4  Bright field-TEM micrographs of highly deformed regions of the Cu sample deformed �=0.75 

3.2 Results of bearing steel  

& ! � ,��-��������
���.�����
�	�����
�	���������

Figure 3.5 shows the flow stress curve and the temperature measurements during the compression test. 
The flow stress curve at 900°C and 5 s-1 is a typical dynamic recrystallization flow stress curve, which has 
a peak (Figure 3.5a). The flow stress curve for a large deformation showed a slight peak in the stress curve 
at 800°C (figure 3.5b).  

  
Figure3. 5 Flow stress and temperature curve vs. strain of deformed bearing steel (a) T=900°C , �= 0.7  �˙= 5 s-1 (b) 

sample T=800 °C  �= 0.7 �˙= 5 s-1 

The temperature drop during the compression test at a low strain rate of 0.05 s-1 caused strain hardening 
in the sample (Figure 3.6a). Heat transfer from the sample to the tools and the surroundings caused a 
decrease in the temperature when deformation was performed at such a slow strain rate because the lamps 
could not maintain the energy released from sample. Stress softening was not observed in the flow stress 
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curve of the sample that was deformed at a medium strain rate of 0.5 s-1. The temperature measurements 
reveal an increase of 27°C after the deformation process stopped (Figure 3.6b). 

    
Figure3. 6 (a) T=800 °C ,  �= 0.7 �˙= 0.05 s-1 (b) Temperature and Force vs. time during and after compression test 

at �˙= 5 s-1 �= 0.7 , shows the temperature increases after compression stops

& ! ! .����
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The differential thermal analysis (DSC) was used to investigate the phase transition and melting point
of bearing steel. The specimens were extracted from different part of as-cast. Experiments performed  with 
the heating rates of 10 K/min and 5 K/min  (Figure3. 7). The average values of these measurements were 
calculated. At the temperature of 756.7 °C the pearlite transfer to austenite and starting of melting is 
1323.3 °C.  

Figure3. 7 Result of the DSC on 2 samples As-cast bearing steel with the heating rate of 10 K/min 

& ! & �������
����

Figure 1.4a-c show the as-cast structure, in which the dark etched regions are the interdendritic regions 
with large spheroidized carbides and the dendrites have a pearlitic structure. The samples were heated to 
900°C and 800°C and quenched in water to identify the effect of deformation and temperature on the 
samples. The micrographs of the sample that was heated to 800°C show a large fraction of spheroidized 
carbides in the interdendritic region (Figure 3.8a) and pearlite structure in the dendrites. The micrographs 
of the sample that was heated up to 900°C show the carbides in the interdendritic regions and the formation 
of martensite with a small volume fraction of carbides that are trapped between the martensite laths in the 
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dendrites (Figure 3.8b).Deformation at 800°C and 0.5 s-1 revealed the presence of spheroidized carbides 
in the highly strained regions, i.e., in the band structure, and the dendritic regions with complex 
microstructure (Figure 3.9a). The microstructure of the dendrites was investigated by high-resolution 
electron microscopy (FEG-SEM) (Figure 3.9b).  

  
Figure3. 8 (a) SEM micrograph of interdendritic region, sample  heated to 800 °C and quenched  (b) SEM micrograph 

of dendritic region in sample  heated to 900 °C and quenched 

The changes in the lamellar distances and the diffusion rate of carbon influenced the microstructure of 
the dendrite. Deformation at 800°C and a higher strain rate (5 s-1) caused the formation of bainite 
structure in the interdendritic region or in the band structure and the formation of the martensitic 
structure inside the dendrite (Figure 3.9c) .EBSD analysis of the sample demonstrated that the dendritic 
and interdendritic regions were composed of BCC structure (92%), and cementite structure (8%) (Figure 
3.10a). The micrographs demonstrate that the dendrites and the bands had a martensitic structure with 
spheroidized carbides (Figure 3.9d) when the deformation occurred at 900°C and 5 s-1 . The EBSD 
analysis demonstrated that the volume fraction was 7% carbide (chromium and cementite carbides), 2% 
austenite, and 90% martensitic (Figure 3.10b). Deformation at a lower rate (0.5 s-1) produced a similar 
microstructure. 

The sample that was deformed at 800°C and 0.5 s-1 was studied by TEM (Figure 3.11), which revealed 
pearlite structure in the as-cast material and strain 0.1 increased the dislocation, resulting in the formation 
of subgrains. The grain sizes become more homogenous for strain up to 0.4. Increasing the strain to 1 
increased the dislocation density, and the carbide broke down into smaller sizes. 
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Figure3. 9  Microstructure of deformed samples , veilla etched (a) SEM micrograph deformed at 800°C , �= 1.2  �˙= 0.5 
s-1 , shows the Dendrite and Inter dendritic regions which is marked with D and ID  (b) FEG-SEM, In lens detector , T 
=800°C , �= 1,2  �˙= 0,5 s-1 spheroidized cementite and cementite particle along the former lamellae in  dendritic region 

(c)  interdendritic region  T =800°C , �= 1,2  �˙= 5 s-1  °C shows the formation of bainite in interdendritic region (d) 
deformed at 900°C, �= 1.1 , �˙= 5 s-1  dendritic regions  has a martensitic structure. 

  
Figure3. 10  EBSD Mapping ( IPFy, steps 0.05 μm,Grids 591×429)  (a)  T=800°C , �= 1  �˙= 0.5 s-1  the interdendritic 

regions mark on the sample (b) T=900°C , �= 1  �˙= 5 s-1   cementite dark gray and chromium carbides light gray 
colours  

      
Figure3. 11   Bright field TEM –micrograph of earing steel deformed at T=800°C  , �˙= 0.5 s-1   (a) Cast structure 

spheroidized cementite and lamellae (b) sample deformed, �= 0.1, lamellae and spheroidized cementite  (c) sample 
deformed at �= 0.4 spheroidized cementite (d) sample deformed �= 1 large number of cementite  
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The volume fraction of carbides in the DBs was determined by measuring the area fraction of the 
carbides within the randomly selected areas in the DBs that formed in the center part of the sample. Figure 
4, Supplement 3 presents the variation in the volume fraction of carbides in DBs. The sample that was 
deformed at 900°C had a lower volume fraction of carbides than the sample that was deformed at 800°C, 
possibly due to the increase in carbide dissolution in the matrix at a higher austenitizing temperature. 
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The micrographs of the sample that was deformed at 800 ºC and 5 s-1 revealed that cracks formed 
primarily inside the DBs in regions of intense shear (Figure 3.12). Table 3.1 presents the data for the crack 
formation experiments. Table 3.1 shows that the crack formation was eliminated when the deformation 
was performed at a higher temperature, although increasing the strain rate to 10 s-1 did not prevent crack 
formation at 900°C. The cracks likely formed during quenching because no cracking was observed when 
the sample was air-cooled. The temperature before the quenching appeared to affect the crack propagation 
because no cracking was observed in the sample that was deformed at 800°C and 5 s-1 and quenched with 
a 5-sec delay at 720°C. 

Table 3.1 

  
Figure3. 12(a) Crack formation in the band structure of bearing steel (b) crack with the length of 100 μm  

propagate in DBS 
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Deformation causes dendrite prolongation and a reduction in the dendrite arm distances, which may 
influence homogenization. The effect of the deformation process on the microsegregation of 4 elements 

C ra c k fo rm a t io n  Te m pe ra ture   °C
S tra in ra te   
s - 1 S tra in 

No  Crack 800 0.5 0.1  0.15   0.25   0.4   0.75   1  1.2   1.6  

Crack 800 5 0.3  0.4   0.7    1   1.2    

No  Crack 900 0.5 0.1   0.4   0.7   1   1.2    1.6 

No  Crack 900 5 0.1   0.4   0.7   1   1.2    1.6

Crack 900 10 0.3   0.4   0.7 

Cracks

a b
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(Mo, Cr, Mn, and Si) was studied by electron microprobe analysis (EMPA) over an area of 0.04 mm2 in 
the center of the sample, which contained dendritic and interdendritic regions (Figure 3.13). Figure 3.14 
shows the result of EMPA analysis on an area of 0.04 mm2. The degree of segregation (S) as a function 
of strain is presented in Figure 7, Supplement 2. Strain increased the degree of segregation of Mo at 900°C, 
but at 800°C, SMo exhibited different behavior. Moreover, Mo had the highest degree of segregation among 
the elements. Si had the lowest degree of segregation (close to 1), and the microprobe analysis  

Figure3. 13 Deformed sample and selected area for EMPA 

 demonstrated that the Si distribution was homogenous in the dendrites and the interdendritic regions.
The degree of segregation of an alloying element is equal to: 

'wxyww�z\�{wxywx|s}zq� � tVP_W~_0
tVP_W~UW

where x is the mole fraction. 

Figure3. 14 Electron microprob analysis on the area 0.04 mm2 of the sample BE04( �=1 ,Temp=900C �� =0.5) mapping 
of Mo, Mn, Cr and Si    

Flow stress

Force

EMPA
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3.3 Incoloy 825  
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Figure 3.15 shows the flow stress curves and the temperature measurements inside the sample during 
the deformation process. The temperature in the sample was almost constant at the beginning of the 
deformation, but at a strain of ~0.5, it increased sharply in all experiments performed at the low strain rate 
of 1 s-1 (Figure 3.15a). The deformation process was nearly adiabatic, and a temperature increase is 
anticipated upon deformation. However, Figure 3.15b,c indicate that the temperature increase was 
negligible during the deformation, and the sample deformed isothermally at a high strain rate. The 
temperature was measured after the deformation process and prior to quenching. Figure 3.15d shows that 
the temperature increased after the compression and decreased due to cooling from the surroundings. The 
temperature increase after deformation was the result of changes in the internal energy due to a secondary 
process, which will be discussed later. 

 Figure3. 15 Flow stress and temeprature measurments during defroamtion process of Incoloy 825 deformed at (a) 
T=800 °C , �=1.2 �˙=1 s-1  (b) T=900 °C , �=1 �˙ =5 s-1 (c) T=1100 °C , �=1.2 �˙ =10 s-1   (d) Temperature and force vs. 

time during and after the compression test at �˙ =5 s-1  �=1, temperature is constant during the compression and 
increases after compression stops 
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Figure 3.16 shows the micrographs of the samples. Deformation at a lower temperature (<1000°C) was 
inhomogeneous and resulted in the formation of DBs. Deformation at a lower temperature produced a 
larger DB, and the fraction of recrystallization inside the band was smaller. Deformation at 1100°C was 
homogeneous, and recrystallization occurred in most regions of the sample. Increasing the strain rate 
increased the size of the recrystallized grains from 8 to 10 m.  
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Figure3. 16   Microstructural development of Incoloy 825 under the hot compression test (a) T=800 °C , �=0.7 ��=5 s-1

DBs develop in sample (b) T=1000 °C , �=1 ��=5 s-1 , the recrystallization occurs inside the DBs (c) T=1100 °C , �=1  
��=10 s-1 recrystallization occurs homogenously in the sample (d)  T=900 °C , �=1.2  ��=1 , large number of DBs forms 

in sample and nuclei inside the DBs 
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The micrographs of the samples that were deformed at 800 and 900°C and at 1 s-1 did not indicate any 
recrystallization. However, the EBSD analysis revealed the presence of very small crystals inside the DBs. 
Mapping by EBSD indicated a very large number of subgrains and high angle misorientations inside the 
grains. The amount of misorientation increased with increasing strain (Figure 3.17). More subgrains 
developed inside the large deformed grains at a lower strain rate (1 s-1) than inside the samples that were 
deformed at 5 and 10 s-1. The high deformation rate caused the subgrains to be localized inside the DBs. 
Figure 3.17c shows a misorientation of 30º in the DB boundary along line 1 and line 2. The misorientation 
profile along line 3 in Figure 3.17d shows a 60° misorientation. The deformation rate causes the 
localization of the subgrains inside the DBs. The subgrains that oriented inside the DBs were mostly 
aligned along the planes of high stress. The EBSD maps indicated that the volume fraction of the DBs 
increased at higher strain rates of 5 s-1 and 10 s-1. The misorientation in the DBs increased with decreasing 
deformation temperature and increasing strain (Figure 6, Supplement 4). The deformations at high 

c

a b

d

DB 

DB 

DB Recrystallization 
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temperatures were homogeneous, and the recrystallized grain had an equiaxed macrostructure in the 
majority of the sample. Twins were observed in all of the newly formed grains (Figure 7, Supplement 4). 

  
  

      
Figure3. 17  EBSD mapping  IPFz, Step=0,2 μm, Grid 1100 ×1058 (a) sample deformed at T=900 º C ��=5s-1 �=0.7 

(b)sample deformed at T=900ºC ��=5 s-1 �=1 (c )misorientation profile along L1 and L2 (d) misorientation along L3 and 
L4 

However, there were indications that the deformation was not completely homogeneous. Some areas 
contained a larger number of grains, indicating a larger deformation (zone II in Figure 7, Supplement 4), 
and in some areas, no new crystals were formed (zone I in Figure 7, Supplement 4) 
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The microsegregation of Mo was investigated inside the DBs at 900ºC and strain rates in the range of 
1-10 s-1. The analysis was performed over a selected area of DBs and the matrix. Figure 3.18 shows the 
distribution of Mo in an area of 0.04 mm2. The DBs formed in an interdendritic region with a high 
segregation of alloying elements. The maximum and minimum concentrations of Mo inside the DBs and 
the dendritic regions were obtained from EMPA (Figure 8a, Supplement 4). 

The degree of segregation is defined as: 'wxyww�z\�{wxywx|s}zq� � 03�hi2h�
03�hi2ei                                                                                                                   
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The degree of segregation (S) as a function of strain is plotted in Figure 8b, Supplement 4. The variation 
in the degree of segregation was negligible for a strain of 0.7~1. The SMo increased for strain > 1. The 
EMPA analysis and the histograms of the different samples demonstrated that the variance (the deviation 
from the average concentration of Mo) was high in the cast structure. During deformation at a strain of 
0.7, SMo decreased, and the structure became more homogeneous. S was independent of the strain rate or 
the time at a strain of 0.7, possibly due to microstructural changes in the DB during compression. As 
presented earlier, DBs formed at a strain > 0.5. 

   

Figure3. 18   EMPA analysis on DB of Incoloy 825 deformed at T=900 ºC  ��=10 s-1 � =1.2  
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The flow stress curve and the temperature measurements during the compression test are presented in 
Figure 3.19. The temperature was constant at the beginning of the compression test and began to increase 
by as much as 5°C at a strain of 0.15. The temperature increased by 16°C when deformation stopped. 
Therefore, the temperature increase due to deformation was 21°C (Figure 3.19a). The area under the 
stress-strain curve represents the deformation energy. Part of this deformation energy is the transfer to 
heat. The specific heat capacity of brass at room temperature is Cp = 25 J/mol�K. By assuming adiabatic 
conditions, the fraction of the deformation energy that is transferred to heat can be calculated by the 
following equation:     

r � ; <=�>?7@LM
This calculation shows that only 62% of the deformation energy was transferred to heat. The rest of the 

energy was stored in the sample during compression due to the change in the atomic arrangement at lattice 
defects. Friction was negligible due to use of a lubricated material. The rest of the energy was released in 
the form of heat after the compression. Figure.19b shows the flow stress curve of the heat-treated samples. 
The fracture occurred within a strain range of 0.25 to 0.3 for the sample quenched from a temperature of 
650°C. The flow stress curve also shows that the sample that was cooled down very slowly had the lowest 
flow stress. This sample also had the largest domain size among all the samples, which may be related to 
the low flow stress observed. 
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Figure3. 19 (a) Flow stress curve and temperature measurement during the compression test strain rate = 0.25 s-1   (b) 
temperature and Force vs. time, temperature increases after deformation 
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By definition, a shear band is a narrow region of intense shear that occurs independently of the crystal 
orientation and the grain structure. Shear bands can cross many boundaries and can be observed on a 
macroscopic scale. In this study, shear bands were observed on the circumferential surface of a sample 
that was deformed at room temperature with a strain of 0.042 at 0.25 s-1 (Figure3. 20a). The shear bands 
formed on the circumferential surface with an angle of ~49� to the compression axis and a depth of 130 
μm, in agreement with reports that these bands form at ±35° to the rolling plane [3]. These shear bands 
are the result of the plastic instability, and their formation can be dependent on the deformation 
temperature and the grain size. The strain at the onset of a shear band corresponds to the yield point (150 
MPa) at room temperature. This point (� = 0.042) was considered the onset of the shear bands in � brass 
because no bands were observed below this point. Increasing the strain developed the shear bands, which 
were distributed throughout the entire sample and caused the sample to crack. The micrographs of the 
sample show the formation of a deformation twin with a very low contrast compared with the twin parent 
(Figure3. b). 

    
Figure3. 20 (a) Shear band in sample deformed at room Temp. � = 0.05,  ��= 0.25 s-1. The length of shear bands is 

around 130 m (b) deformation twin forms in few of the grain which has a very light contrast with parent 
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Figure3. 21 (a) Deformed at room Temp. � = 0.1,  ��= 0.25 s-1   deformation twin has a high contrast to the parent phase 

(b) sample deformed at room Temp. � = 0.3, �� = 0. 5 s-1  the deformation twins are  more developed and some lens 
shaped deformation twins are formed inside the primary deformation twin and this sample fractured during the 

deformation 

The deformation twin developed further when the strain was increased to 0.1. In this case, the 
micrographs show that the deformation twin had higher contrast than the twin parent (Figure3. 21a). The 
size of the twin did not change, but the number of deformation twins increased as the strain increased from 
0.042 to 0.1. In the early stage of deformation, until a strain of 0.3, the number of twins formed and the 
degree of deformation in the twins increased. The formation of small, lens-shaped twins can be observed 
inside the larger twins in Figure3. 21b. This figure shows that twins with sharp boundaries formed in most 
of the grains. These twins were very broad, and clusters of the lens-shaped twins formed close to their 
boundaries. The twins formed close to cracks. A high strain rate and a very low deformation temperature 
were the conditions for the formation of deformation twins in most of the BCC structures. 
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The micrographs of the heat-treated samples demonstrated the formation of deformation twins. 
However, the size of the deformation twins varied with the cooling rate. The average size of a deformation 
twin was 20 μm in the quenched samples and 37 μm in the samples that were cooled over 24 hr. This 
difference in the twin size might be related to the domain size. The heat treatment of � brass affected the 
domain size and the corresponding APB. Quenching of the � brass produced a relatively smaller domain 
and a higher fraction of APBs than the slowly cooled samples. A similar effect was observed in the change 
in the size of the twin crystals. The APB is the region that is sensitive to deformation. Due to the presence 
of the wrong pair, no twins were formed in this region, indicating a possible relationship between the 
formation of twins and anti-phase domain boundaries. Twins were formed in the domains with long-range 
ordered structures. The larger domains and a decreased quantity of APBs influenced the size of twinning 
in the sample that was cooled very slowly (Figure 5a, Supplement 5). The quenched sample displayed a 
large number of very thin deformation twins and cross twinning in an area close to a crack. Increasing 
strain induced the formation of shear bands through the sample, resulting in the formation of a crack. The 
localized shear regions developed more twinning, as evidenced by the proximity of the deformation twins 
to the cracks (Figure 5b ,  6a Supplement 5). Apart from this, the formation of shear bands is due to the 
plastic inhomogeneity in the sample and is favored by a large amount of APB structure. The aspect ratio 
H/D and the grain size of samples are the parameters that influence the shear force. A low aspect ratio 
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decreases the shear force in a sample, and thus the sample is able to withstand greater force without 
cracking or fracturing. 
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Samples that were deformed at three different temperatures, namely room temperature, a high 
temperature, and a medium-high temperature, were investigated by EBSD.  

Sample deformed at high temperature: In the samples that were deformed at a temperature of 350°C, 
fracture occurred at a relatively larger strain of 0.5 due to an increase in the active slip systems. Figure3.  
shows the micrograph and the orientation map of a sample deformed at high temperature. The 
misorientation profile along L1 shows that the bands that formed inside grain G1 had a misorientation of 
16° to the origin grain (Figure8a supplement 5). These bands formed parallel to the direction of flow stress. 
The inverse pole figure shows that bands with an orientation of {113} formed inside grain {001}. Grain 
G2 was highly distorted near the grain boundary intersection, and the orientation spread from {213} 
through {203}. However, subgrains accumulated in the bands and the grain boundaries. The 
misorientation profile (Figure8b supplement 5) along L2 shows the increase in the misorientation toward 
the grain boundary. The deformations in grain G2 resulted in the formation of deformation bands with an 
orientation of {105} inside the grain. 

     
Figure3. 22  Sample S2 deformed at (T=350 ºC, �=0.5 �˙=0.1 s-1)(a) light microscopy image  (b) EBSD Mapping on 

sample S2 , IPFz  step 2.5 μm Grid 441×449(c) surface normal projected IPF of the deformation band in G1 

Sample deformed at room temperature: Figure3 supplement 5 shows the micrograph of the sample 
with large deformation twin and lens shape twins which formed inside the primary twin and the orientation 
map is presented in figure 3.23a. The orientation of twin parent G3 is {113} while the twin forms in 
orientation of {100} (figure 3.23a). The misorientation profile along L1 shows the twin has a high angle 
boundary ~ 30° and large scatter of misorientation inside the twin (Figure 3.24a). The Lens shape twins 
forming in the same orientation of the deformation twin. The twin form in grain G4, has 45° misorientation 
with twin parent (Figure 3.24b).  
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Figure3. 23(a) EBSD mapping of the sample S33  (IPFz  step 2.5 μm Grid 419×361 )at room temperature �=0.3 
�˙=0.25 s-1  IPFZ    (b) surface normal projected IPF of grain G1  (c)surface normal projected IPF of grain G2   shows 

the deformation band and misorientation inside the band (d) 

This twin formed in early stage of deformation and further deformation cause the deformation inside the 
twin, like misorientation along the growth of the twin and formation of the secondary twins. The 
misorientation profile along L2 shows the twin with a high angle boundary (45°) and small deformation 
twin inside with misorientation of 16° (Figure 3.24b). The twin parent has an orientation of {112} and the 
primary twin form with {213} orientation. The lens shape twins form inside the twin with an orientation 
of {102}. 

   
Figure 3.24 (a) Misorientation profile along L1 crossing the band structure inside the grain and shows a large 

misorientation inside the grain (b) Misorientation   profile along L2 crossing the twins inside the band which has a 15° 
to 20° misorientation

Sample deformed at medium high temperature: The micrograph (figure 1.3) shows the formation 
of DBs (deformation bands) which crosses the deformation twin and shear bands at the cross sectional 
area. The EBSD mapping shows the DB go through the twins, deform the twin and causes the elongation 
of twins and recrystallization occurs in direction of flow stress inside the DB (Figure 3.25).  

=200 µm; IPFz; Step=2,5 µm; Grid419x361
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     Figure3.25 (a) EBSD Map of deformed sample) at T=80 ºC, �=0.75 �˙=0.5 s-1  (IPFz  step 0.2 μm Grid 888×762) (b) 
surface normal projected IPF of the deformation band in G1        

In homogenous deformation cause formation of DBs and shear bands in the sample. The misorientation 
profile along L3 shows the high strain region close to DBs has misorientation of 16º (Figure 12 supplement 
5). The shear bands forms in highly strained region. The orientation of shear bands indicates that slip 
occurs in direction of <111>. The misorientation profile along L1 shows the twin has a sharp and high 
angle boundary of 40°. The orientation of twin parent is {203} towards {212} while the twins orientation 
is close {112} and spread out from {112} towards {213} due to deformation. The high resolution EBSD 
mapping shows the nucleation and recrystallization occurs in DB. The twining plane in this sample is as 
expected in BCC structure is (112) and the twining shear is in the direction of [1145]. 
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The deformation process was nearly adiabatic. Therefore, the deformation energy was expected to 
increase the temperature of the sample, as reported previously [19, 20]. The temperature increase 	Ttheory
during the deformation process under adiabatic conditions can be calculated from equation (1.7), where 
	Texperiment is the temperature variation inside the sample during the deformation process, based on the 
thermocouple measurements. Figure 4, Supplement 1 shows the significant difference between the 
theoretical and experimental 	T values. According to the theory, the mechanical work performed by the 
plastic deformation is mostly converted into heat, and hence the temperature of the sample should increase. 
However, the temperature measurements did not fit the theory predictions, and a discrepancy between the 
measured and the isothermal �-� behavior was observed. It seems likely that the added energy caused an 
increase in the internal energy of the system. This stored energy can be calculated by equation (1.9). Figure 
5, Supplement 1 shows that the deformation energy was much larger than the stored energy calculated by 
Williams [21]. A DB is a highly strained region with a very high internal energy. The formation of DBs 
with a high internal energy might be regarded as an adiabatic melting process, and hence all of the 
deformation energy would be transferred to the sample. The internal energy inside the DBs was calculated 
based on equation (1.12) (Table 2, Supplement 1). The comparison of Edo to (-�HCu) shows that Edo was 
approximately 17% of the latent heat of fusion in the sample that was deformed by a strain of 0.35 and 
increased to 24% when the strain was increased to 1. This energy was sufficiently high to change the FCC 
structure in the DBs to a disordered structure.  

The stored energy in the DBs was high enough to change the atomic structure from an ordered FCC 
lattice to a disordered structure. The disordered structure can therefore be considered similar to that of a 
highly viscous liquid or an amorphous liquid, which is a phase structure that can form in bulk metallic 
glasses in the temperature region between the glass transition and the crystallization temperature. 
Formation of disordered structure was confirmed by Hansson et al. [24], who studied the deformation and 
the growth of cracks in Fe-Cu alloys. Hansson’s observation supports the assumption that it is possible to 
form a disordered structure during a strong deformation. 
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The results of these experiments demonstrate that the temperature increases after the deformation 

process has stopped (Figure 4. 1). It is expected that the samples will begin to cool during this process. 
However, Figure 7, Supplement 1 shows that the temperature increased for strains larger than 0.5 when a 
DB developed in the sample, and the internal energy of the sample increased in the bands. This supports 
the hypothesis that an unordered amorphous-like liquid was formed inside the DB that was converted to 
an ordered structure once the deformation process was interrupted. 
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Figure 4. 1 Force and Temepraure measruments  vs. time during compression test and preior to quenching

/ � ! 6	���
������

The DBs are easily visible under an optical microscope due to the large number of lattice defects in the 
deformed regions. In some parts, recrystallization begins via nucleation and the growth of small crystals 
inside the DBs. In the DB regions, the new grains are formed at random by homogeneous nucleation. 
Homogeneous nucleation requires a very high energy. The free energy required for homogeneous 
nucleation is given by the relationship  

�7�RP^R� � �b�� -B��3*�?Y�N��                                                                                                                            (4.1) 

The driving force for nucleation can be roughly estimated by Equation (4.1) and is 3771 J/mol at a 
temperature of 573 K. Hence, the energy required for homogeneous nucleation of new grains is very high 
compared to the dislocation energy. Homogeneous nucleation is almost certainly impossible during 
recrystallization due to the small driving force -ΔGrecr. and the high surface energy σ at a high angle grain 
boundary [9,25,26]. However, the high energy of the disordered structure in the DBs (Table 2, Supplement 
1) is sufficient for homogenous nucleation. 
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Cracks can form during the quenching process due to the large residual stress between the DBs and the 
dendrites. However, their propagation strongly depends on the strain rate and the temperature. The 
formation of cracks in samples can be explained by the theory of hot crack formation during solidification 
[27,28], which occurs due to the formation of an amorphous structure in the DBs during the deformation 
process. When this structure transforms into an ordered structure, it induces stresses in the material due to 
the difference in the volumes of the unordered and the ordered structures. The volume changes cause 
plastic deformation at high temperatures and crack formation at low temperatures. It has been proposed 
that cracks initiate in a material under strain and stress due to the condensation of vacancies in the grain 
boundaries and to some lattice defects such as dislocations [27]. The super saturation of the lattice defects 
and the vacancies in the grain boundaries occurs during rapid deformation processes at high temperature. 
When the compression test is performed at such a high temperature, a larger strain rate is required to 
provide the super saturation of vacancies, in accordance with our experimental results. Quenching at a 
lower temperature or a lower undercooling also decreased the super saturation of vacancies in the grain 
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boundaries and in the dislocations, explaining the absence of crack formation in the sample when it was 
quenched at a lower temperature. The formation of an amorphous liquid-like structure in the band structure 
is responsible for the decrease in the volume fraction of carbides at 800°C at a strain rate of 5 s-1 because 
it causes an increase in the diffusion coefficient of carbon and the dissolution of the carbides in the band 
structure.  

The micrographs revealed the formation of bainite structure in the deformed bands, even though the 
experiments were performed at a very high temperature and the sample was quenched in water after the 
deformation process. The isothermal transformation curve for bearing steel [12,29] does not fit our 
experimental results. The transformation of bainite in the DBs is related to the diffusion rate in the DBs, 
which have an unordered structure. Due to the volume difference between adjacent structures, the bands 
contain a large fraction of lattice defects, producing a high diffusion rate and favoring the transformation 
to bainite.  
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The variation in the concentration of the elements might be due to changes in the internal free energy 
or the motion of the boundary. Microprobe measurements were evaluated in terms of the diffusion rates 
of elements. The diffusion coefficients for Cr, Mo, Mn, and Si were calculated from equation (1.4), and 
the results are presented in Figure 4. 2. The calculated diffusion coefficients of all of the elements were 
larger than those reported in the literature and converge to a single value with increasing strain. The 
difference between the diffusion coefficients at 800°C and at 900°C might be due to the increase in activity 
resulting from an increase in the temperature.  

Figure 4. 2  The diffusion coefficient vs. strain for Mo, Cr, Mn and Si in DBs of bearing steel (a) deformation at T= 
900 °C  ��  = 0. 5 s-1 (b) deformation at T= 800°C����  = 0. 5 s-1 

These calculations show that the diffusion coefficient acquires a negative value. The diffusion becomes 
negative when �tQ~ � tQV � � �t~ � tV , which means that the difference in the quantity of the alloying 
element between the interdendritic region and dendrite region in a deformed sample is larger than that in 
the cast structure. Another possibility is that the microsegregation increases in a deformed sample due to 
back diffusion. The elements segregate from dendrites to the bands (the interdendritic region). The 
formation of an unordered structure in the DBs increases the strain and the diffusion of the alloying 
element, which causes an increase in the amount of the unordered structure. 
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The deformation process was nearly adiabatic. Therefore, the deformation energy was expected to 
increase the temperature of the sample, as previously reported. However, the results of these experiments 
revealed that the temperature increased after the deformation process stopped (Figure 4. 3a).  

Figure 4. 3  (a) Temperature and force vs. time deformation at T= 800°C ��  = 10 s-1 and � = 0.85 (b) Temperature 
measurement vs. time during the deformation process, quenching and after quenching at T= 900 ºC, �= 1 and ��  =1 ,5 

and 10 s-1

Figure 4. 3b shows that the temperature changed during and after the compression process and was 
constant during the early stage of deformation. At high strain rates, the temperature increased rapidly after 
the compression process stopped. The experiments that were performed at a low strain rate (~1 s-1) 
revealed an increase in the temperature during the compression, regardless of the temperature of 
deformation. The temperature of the sample continued to increase after the compression until a maximum 
was obtained, depending on the strain. This type of temperature behavior might be explained in the 
following way. In the initial stage of the deformation process, the deformation energy increases the 
internal energy of the sample instead of increasing the temperature of the sample. The deformation might 
start with the formation of a large number of dislocations. Increasing strain and inhomogeneous 
deformation in the grains can then cause the formation of DBs in highly strained regions. A disordered 
atomic structure that is similar to an amorphous liquid may be formed. The internal atomic structures in 
the DBs are changed, and the internal energy increases. At low strain rates, the recovery process begins 
during the deformation process. In this case, the recovery rate balances the rate of formation of the 
disordered structure, and the temperature increases.  

The deformation time of the rapid compression test was not sufficient for recovery, and the deformation 
energy was stored in the sample during the compression. The temperature of the sample increased after 
the compression when the stored energy was partially released due to the static recovery process. The 
disordered structure in the DB transferred to an ordered structure after the deformation. The temperature 
increase in the sample corresponded to 50 to 60% of the mechanical energy input. Many researchers have 
reported this fraction to be from 80 to 90% of the total deformation energy. The discrepancy between the 
results of these experiments and theoretical values is due to microstructural changes and the formation of 
disordered structure in the DB, which have not been considered previously.   
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The observations in this study indicate that two types of deformation mechanisms occur during the 
deformation process.   

At low strain, large subgrains that are slightly tilted in relation to each other are observed. No 
recrystallization is observed. The tilting between the subgrains and the cumulative misorientation inside 
the grains indicates that deformation by dislocation movements is unlikely; instead, the deformation might 
occur by the rotation of atomic clusters over an interface that moves over the matrix. A subgrain growth 
mechanism by rotation and coalescence during the deformation process has previously been proposed by 
Li [30] and is suggested here by the EBSD measurements. The rotation of atomic clusters influences the 
microsegregation, and hence the rotation mechanism increases the diffusion rate, and a homogenization 
process will occur.  

At large strains and a lower temperature, DBs are formed in highly strained regions due to 
inhomogeneous deformation. The fraction of the deformation energy in a DB is higher than that in the 
matrix. At strains that are larger than 0.5, a disordered atomic structure is formed inside the DBs. The 
mobility of the atoms increases in a disordered structure. The disordered structure transforms to an ordered 
structure with a large misorientation and other defects after the deformation. The chemical potential in 
this type of structure differs from the potential in the normal crystalline structure. This difference might 
enable uphill diffusion of Mo and an increase in the microsegregation instead of a decrease. Amorphous-
like liquids mostly give rise to atomic clusters, and in this case, Mo-Fe clusters will move toward regions 
that have high Mo content, supporting the hypothesis that the deformation process inside the DB occurs 
by the rotation of atomic clusters. 

Deformation at a high-temperature (1100ºC) promotes recrystallization at all strain rates. At high strain 
rates, recrystallization in austenitic stainless steel occurs very fast after the deformation process [31, 32]. 
The recrystallization occurs homogenously over the sample even though the initial grain size is very large. 
Refined recrystallized grains are formed at lower strain rates, down to 8 μm. The difference in size depends 
on the growth rate.  

/ / ��#�
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Twinning occurs when the slip system is restricted due to Coulomb forces or when the resolved shear 
stress increases. Therefore, twinning stress is lower than the stress for slip, which explains the deformation 
of twins at low temperatures and at very high strain rates in � brass. A twin forms by simple homogenous 
shear in the lattice, which causes the displacement of the individual atoms. � brass featured a large number 
of deformation twins at room temperature and at a strain rate of 0.25 s-1. The first twin appeared at a strain 
of 0.042, and the shear bands occurred on the circumferential surface. Twinning was the preferable 
deformation mode in � brass at room temperature. As expected, increasing the strain rate caused the 
formation of a large number of deformation twins. The variation in the size of twins in a sample quenched 
at Tc and cooled slowly was due to the domain size of long range order in the structure. The formation of 
twins when the samples were not quenched or were cooled down slowly from TC might be related to the 
disordered structure that is formed during the deformation process.  

� brass has an ordered structure at room temperature and consists of Cu and Zn ions. These ions restrict 
the deformation. Deformation might be facilitated by transferring the ordered structure to an unordered 
state with the help of the deformation energy. The reported energy value from the literature is 14,157 
J/mol for the transformation of an ordered to an unordered structure in � brass. The result of these 
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experiments and previous studies of Cu and steel demonstrate that 29 to 33% of the deformation energy 
is stored in the material. Thus, the stored energy in the sample was sufficient to cause the formation of 4% 
unordered � structure. 

The EBSD mapping demonstrated that the twins were formed with high angle boundaries and that no 
deformation energy was stored inside the twins. Due to the high angle boundaries, deformation twins 
cannot be formed by a martensitic-like process. The high angle grain boundaries can be considered a 
region of unordered �-structure resulting from the deformation process. The plastic deformation occurs 
across this boundary. The 4% unordered structure that was created during the deformation corresponds to 
the volume fraction of the high angle grain boundaries. Notably, recrystallization occurred at some twin 
boundaries, as shown in Figure 6b supplement 5. The boundary was extended in thickness during the 
deformation and transfer to an ordered structure in which deformation stopped. This large angle grain 
boundary with an unordered structure might be a source for the formation of DBs. The bands observed 
(Figure 3.27) were spread over the whole sample volume. The deformation mechanism inside the bands 
might be similar to that of a highly viscous liquid, in agreement with previous observations. Nucleation 
and recrystallization of new grains occurs inside the band when the deformation process stops.  

Deformation at a high temperature (> 300°C) caused grain distortion with a large misorientation inside 
the grain, along with the formation of bands. Even recrystallization was observed at a temperature of 
400°C at the grain boundaries. The twins formed and grew over the grains and some banded structures. 
The misorientation inside the grains shown in Figure 3.22 might be due to a rotation of the Cu-Zn two-
dimensional clusters inside the {100} crystallographic plane, which might be the new DB that was 
discussed previously. However, due to the Coulomb forces between the ions, the activation energy for 
rotation is less than the activation energy for slipping along the slip plane.  
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An experimental method for hot compression testing of the deformation process in metals and alloys 
was developed. Tests were conducted on as-cast samples, and the temperature of the samples was 
measured during the deformation process. This experimental method was employed with a continuous 
cast structure of pure copper, an ingot cast of bearing steel, a continuous cast structure of Incoloy 825, 
and a casted block of � brass.    

The temperature at the beginning of the deformation process at a strain rate of 0.5 s-1 was constant, 
then began to increase. When the compression was performed at strain rates of 5 and 10 s-1, the 
temperature increased after the deformation process stopped, indicating that the deformation energy was 
stored in the sample and could change the microstructure and be subsequently released as heat. The 
fraction of the heat released during the deformation process was estimated. According to this 
experimental method, the adiabatic correction factor was estimated to be approximately 65%, which is 
lower than the value of 90% obtained using other approaches and measurements. The stored energy 
calculated using this correction factor is larger than that reported in the literature. DBs formed in the 
highly strained regions of the sample. The stored energy in the DBs was higher than that in the matrix. 
The formation of DBs with a high internal energy might be regarded as an adiabatic melting process, 
and hence all of the deformation energy is transferred to the sample. The fraction of stored energy in the 
DBs was calculated, yielding a very large value that is approximately 24% of the heat of fusion of 
copper. It is believed that a semi-liquid amorphous structure forms inside the DB during the deformation 
process; this amorphous structures transforms into an ordered structure when the deformation process 
stops. The presence of homogenous nucleation of new grains inside the DBs supports the formation of 
this disordered structure.  

The same approach for the formation of a disordered structure inside the DB during compression was 
extended to study microsegregation in bearing steel. A large number of cracks were observed in the 
band structure of bearing steel at a temperature of 800°C and a strain rate of 5 s-1. The crack formation 
was due to the semi-amorphous liquid structure in the band structure. This disordered structure 
transforms into the ordered structure, which induces stress due to the volume changes that occur, 
resulting in the formation of cracks. The volume difference between the band structures is due to the 
condensation of vacancies and lattice defects in the band structure, which increases the mobility of 
atoms in the bands. Therefore, the diffusion rate is higher in the bands than the matrix, as supported by 
the result of the EMPA analysis, which indicated the tendency toward uphill diffusion during the 
deformation process. The high diffusion rate in the band may be responsible for the formation of bainite 
structure at this high temperature. The investigation of the dissolution of the carbides in the band 
structure demonstrated that the dissolution of carbides varied with the strain and the strain rate.  

The results of the hot compression test on Incoloy 825 were in good agreement with the previous 
results. Two types of deformation mechanisms were observed during the deformation process: the 
rotation of atomic clusters or subgrains over an interface (which moves over the matrix) and the 
formation of a disordered structure inside the DBs. The tendency for the diffusion of Mo to DBs 
increased when the strain was increased; this effect was related to the formation of a disordered atomic 
structure, and it appears that recrystallization was favored by the presence of Mo. 
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This study was extended to the investigation of � brass with a CsCl structure. Twinning was the 
preferred mode of deformation in � brass at room temperature because the first twin appeared at a strain 
of 0.042, which corresponds to the yield point. Twinning, similar to the martensitic process, is unlikely 
due to the formation of high angle boundary twins. Twins formed in the regions with unordered �
structure that formed during the deformation process. The variation in the twin sizes when the samples 
were quenched or cooled down slowly from TC is related to the domain size, the long-range order, and 
the short-range order. The deformation mechanism at high temperature is related to the rotation of two-
dimensional Cu-Zn clusters due to the Coulomb forces between the ions.  

Here, we developed a new explanation for the formation of DBs and microstructural evolution within 
as-cast metals and alloys during the deformation process. This approach can be a very useful tool for 
industry, where DBs play an important role. Processes such as the formation of DBs, microsegregation 
inside DBs, and homogenization process and nucleation of recrystallization occur mainly within the DBs 
can have a strong influence on the final properties, qualities, and performance of a metal-based product,��
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