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Chapter 1

General introduction

1.1 Background

AA3xxx aluminum alloys contain manganese as a major alloying element and silicon and
iron as minor alloying elements. The compositions of AA3xxx alloys are included in Table
1.1. The characteristic of these alloys is to have moderate mechanical strength, high ductility
and excellent corrosion resistance. These alloys are widely used for architectural application,
cooking utensils, bodies of beverage cans, packaging and heat exchanger by the sheet form
[1-4]. The thermo-mechanical processes including homogenization, deformation and
annealing treatments are generally applied to these alloys because the characteristics of
microstructures such as the type, size, and distribution of constituent particles are greatly
changed by each process [5-9]. Especially, during the homogenization treatment, a large
amount of particles precipitate in the supersaturated matrix with Mn. These constituent
particles have a significantly different size distribution, i.e. primary particles have a size of 1-
5 um and the precipitates of 50-200nm. It is established that larger particles (>1 um) can act
as the particle-stimulated nucleation (PSN) sites, which generally accelerate recrystallization.

On the other hand, finer particles retard grain growth by pinning grain boundaries [10-



12] .The phenomena during thermo-mechanical processes are related very complicatedly. The
Al-Mn alloy commonly referred to as the 3003 alloy is easy to understand these complicated

phenomena in the 3xxx alloys.

1.2 Non-heat-treatable 3003 alloy

1.2.1 AlI-Mn-Fe-Si phase diagrams

The equilibrium binary Al-Mn phase diagram is shown in Figure 1.2. The aluminum has the
structure of Faced Center Cubic (FCC). The phase in equilibrium with Al is the orthorhombic
AlgMn. This phase forms a eutectic with aluminum at 1.8 wt% and 658.5 °C. The Al¢Mn
phase has the limited range of primary particle to 4.1 wt% Mn. The peritectic reaction of
AlsMn occurs at above 4.1 wt% Mn. The Al4Mn phase has a hexagonal structure [13-15].

In case of the Al-Fe-Mn, there are three kinds of primary phases such as Al, Al;Fe and
Alg(Mn,Fe) [15]. The maximum solubility of iron in aluminum is 0.03-0.04 wt%. Moreover,
this is unchanged in the ternary alloys while the manganese solubility is decreased. The AlsFe
phase has a monoclinic structure. In this ternary phase diagram, manganese can be replaced
by iron due to similar lattice parameters between manganese and iron.

Figure 1.3 shows the equilibrium ternary Al-Mn-Si phase diagram. In case of the Al-Fe-Mn, a
ternary phase is not formed while a ternary phase such as a-Al(Mn,Fe)Si is formed in the Al-
Mn-Si ternary alloy. Relevant literature gives the stoichiometry of a-Al(Mn,Fe)Si as either
a-Al;»(Mn,Fe);Si[17,19,21,23,24] or a-Al;s(Mn,Fe);Si,[25]. These differences are probably
due to Al atoms substituting for Si atoms [28].

Therefore, the following eutectic and peritectic reactions, as shown in Equation 1.1~1.4, may
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occur during solidification depending on the chemistry of the alloy.

L — Al(s) + Alg(Mn,Fe) (1.1)
L+ Al¢(Mn,Fe) = a-Al(Mn,Fe)Si (1.2)
L — Al(s) + a-Al(Mn,Fe)Si (1.3)
Alg(Mn,Fe) + Si = a-Al(Mn,Fe)Si + Al(s) (1.4)

The crystal structures of Mn/Fe containing dispersoids are include in Table 1.2.

1.2.2 Intermetallic particles in 3003 aluminum alloy

Intermetallic compounds formed during the solidification of the alloy are generally referred
to as constituent or insoluble particles, and usually have dimensions of 1-10 micrometers [16].
In as-cast 3003 ingots, the aluminum phase consists of the dendritic structure. Moreover,
between dendrite arms the eutectic mixture containing the coarse Fe-rich intermetallic
constituent particles is formed [17]. The particles are identified to be the orthorhombic
Alg(Mn,Fe) and simple cubic a-Al(Mn,Fe)Si compounds [17-21]. The a-Al(Mn,Fe)Si phase
has high hardness than the Alg(Mn,Fe) phase [20,22].

The nucleation, growth and coarsening of the small dispersoids in the intragranular regions
also occur simultaneously with the evolution of constituent particles during homogenization.
Particles precipitated from the solid solution matrix are usually referred to as secondary
precipitates or dispersoid particles [18]. During homogenization in the as-cast 3xxx ingots,
the supersaturated Mn, Fe, and Si in the matrix produce precipitates as fine dispersoid
particles of a-Al(Mn,Fe)Si and/or Alg(Mn,Fe) [17]. Electrical conductivity measurement is
considered as a simple method for indirect estimation of the dispersoids fraction because the

-3-



electrical conductivity can be correlated to the manganese in the solid solution [10-11].

1.3 Recovery and recrystallization

Recovery and recrystallization are thermally activated processes of restoring the structure
after deformation. Recovery is the term referring to the changes in the properties of a
deformed material, which occur prior to recrystallization. Recovery and recrystallization are
competitive processes as they both are driven by the stored energy of the deformed state. In
contrast to recrystallization, there is no clearly identifiable beginning or end of the recovery

process.

1.3.1 Recovery

Recovery involves primarily changes in the dislocation structure of the material and may
consist of a series of micro-mechanisms, i.e. cell formation, dislocation annihilation, sub-
grain formation, and sub-grain growth. Obviously, the recovery rate is determined by the
speed of which the dislocations can move in the crystal lattice. The glide of dislocations is

usually so fast that the rate controlling mechanisms are the cross slip or climb. [12].

1.3.2 Recrystallization

As opposed to recovery, which is relatively homogenous in terms of space and time,
recrystallization can be divided into nucleation and growth events. A recrystallization nucleus
is defined as “a crystallite of low internal energy growing into deformed material from which
it is separated by a high angle grain boundary”. Only a very few sub-grains or cells of the

total amount will continue to grow into a new recrystallized grain. From numerous
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investigations, it is clear that the nucleation of a new grain occurs in regions where a high
angle boundary easily can be formed i.e. at heterogeneities in the microstructure like grain
boundaries, shear hands and second phase particles (PSN). In commercial alloys, second
phase particles are always present and they affect the recrystallization in three ways: 1) the
stored energy may increase, ii) large particles may act as nucleation sites (PSN) and ii1) small
particles may exert a pinning effect on both small angle and high angle grain boundaries. The
first two effects tend to promote recrystallization whereas the last tend to hinder

recrystallization [12].

1.4 Scope

In this study, experimental work is conducted on the AA3003 alloy. The chemical
composition of this alloy is Mn 1.05, Fe 0.52 and Si 0.28 (wt %). The as-cast state,
homogenization treatment, deformation (described in Section 2.2) and annealing treatment
(described in Section 3.2) are examined. Deformation method is cold-rolling, because this
thesis focuses mainly on the role of constituent particles. The schematic of whole process in

this study is shown in Figure 1.4.

1.5 Objective of present thesis

The recrystallization behavior is strongly affected by thermo-mechanical histories such as
homogenization and deformation. Many investigations have been done to study the

precipitation behavior of dispersoids [7,8,27-33], the transformation of Al¢Mn phase to o-
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Al(Mn,Fe)Si phase [30,34-38], and particle stimulated nucleation behavior. However, the
quantitative studies on the relationship between the constituent particles and recrystallization
behavior have been scarce and unclear. Therefore, the effects of characteristics of constituent

particles in the recrystallization behavior are mainly discussed in the present thesis.

The objectives of this study are as follows:

1. To quantify the precipitation behavior during homogenization treatment, i.e. heating,

holding and cooling stages.

2. To investigate the effects of different constituent particles in the recrystallization behavior,
1.e. size of recrystallized grains, the rate of recovery and recrystallization behavior with

annealing temperature and time.

3. To investigate the effects of Mn solute atoms after the homogenization treatment in the

recovery and recrystallization behavior.

4. To evaluate the change of mechanical properties after annealing treatments.



1.6 Outline of the present thesis

The flow chart of the present thesis is shown in Figure 1.5.

The background of the non-heat-treatable AA3xxx alloys is introduced. Current problems and

the objective of the present thesis are described in Chapter 1 ‘General introduction’.

The precipitation behavior during the designed homogenization treatments is investigated in
the Al-Mn alloy in Chapter 2 ‘Formation of Mn containing dispersoids with
homogenization treatments and deformation microstructure in an Al-Mn alloy’. The
change of microstructure after homogenization and deformation and the characteristic of

precipitates are discussed.

The relationship between the annealing conditions and recrystallization behavior with
recovery is presented in Chapter 3 ‘Effects of annealing temperature and time on the
recrystallization behavior of an Al-Mn alloy’. The influences of the annealing conditions as

temperature and time on the recrystallization behavior are discussed.

The relationship between the precipitates with Mn solute atoms and recrystallization behavior
with recovery is presented in Chapter 4 ‘Combined effects of Mn containing dispersoids

and Mn solute atoms on the recrystallization microstructures of an Al-Mn alloy’. The
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influences of the precipitates and Mn solute atoms on the recrystallization behavior are

discussed.

The transition of mechanical properties during recrystallization with various homogenization
conditions is presented in Chapter 5 ‘Mechanical properties of specimens with different
recrystallization microstructures in an Al-Mn alloy’. The influence of homogenization

conditions on the mechanical properties during recrystallization treatment is discussed.

Finally, the results and conclusions of the present thesis from Chapter 2 to 5 are summarized

in Chapter 6 ‘General conclusions’.
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Table 1.1 Compositions of non-heat-treatable wrought 3xxx alloys (wt%) [2,4,39-41]

Si Fe Cu Mn Mg Zn Cr Ti Al
3003 0.6 0.7 0.05~0.20 1.0~1.5 - - - - Bal.
3103 0.5 0.7 0.10 0.9~1.5 - - - - Bal.
3004 03 0.7 0.25 1.0~1.5 0.8~1.3 0.25 - - Bal.
3005 0.6 0.7 0.30 1.0~1.5 0.2~0.6 025 0.10 - Bal.

3105 0.6 0.7 0.30 03~0.8 02~08 040 020 0.10 Bal.
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Table 1.2 Crystal structures of Mn/Fe containing dispersoids.

Name Crystal Space  Cell dimension (nm) Reference
Symbol Constitution  structure group a b C
a Particle a-AlFeSi bce Im3 1.256 — — [45]
a-AlMnSi sc Pm3 1.265 — - [46]
o- sc/bee 1.256- - —
Al(Mn,Fe)Si 1.265
Alg(Fe,Mn) AlgFe Orthorhombic Cmcm 0.646  0.744 0.877 [47]
AlgMn Orthorhombic Cmcm 0.650  0.755 0.887 [48]
G Al;;Mn sC 7.507 - — [42,43,49]
G2 Al;Mn Orthorhombic 0.251 248  3.03 [42]
o AlMnSi Hexagonal 1.23 - 2.62 [43]
I Al(Mn,Fe)Si Icosahedral — — — [44]
G' o-Al;;Mn3Si - sc Im3 1.275 - - [43]
G" a-AlFeSi Hexagonal 7.54 — 7.84 [43]
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Chapter 2

Formation of Mn containing dispersoids with homogenization

treatments and deformation microstructure in an Al-Mn alloy

2.1 Introduction

For DC-cast ingots, homogenization must be conducted before thermo-mechanical processes
such as cold-rolling and annealing treatment, due to reduce microsegregation and produce the
right size, number density and distribution of constituent particles [1-6]. The characteristics
of constituent particles formed during homogenization have strong influences on the
deformation, recovery, recrystallization behavior and mechanical properties of wrought alloy
in the 3xxx (Al-Mn-Fe-Si) series [7]. Large particles (> 1 pum) promote recrystallization while
fine dispersed particles that precipitates after homogenization called dispersoids retard
recrystallization [8-9]. The transformation of Al¢Mn to a-Al(Mn,Fe)Si have investigated by
Li and Arnberg, Alexander and Greer, [9-10]. The evolution of primary particles in a 3003
alloy also has investigated by Li and Arnberg [9]. Figure 2.1 shows the change of primary
particle during homogenization treatment. Thus, the evolution of primary particle was
investigated extensively. Some studies have discussed feasibility of precipitation hardening

by heat treatment [12-13]. Some studies about the crystal structure or phase properties of the
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precipitates have also been published [14-16]. However, quantitative studies on the size,
distribution and volume fraction of precipitates and effect of Mn solute atoms in Al-Mn alloy
have been scarce even though they have the strong influence on the recrystallization. Also the
effect of cold-rolling by different reduction on the recrystallization behavior is clearly
reported while the effect of different microstructure by cold-rolling with fixed reduction is
unclear. Therefore, the objective is to investigate the transition of precipitates such as size
and distribution and Mn solute atoms in the matrix by different homogenization treatments

and deformation with the same reduction in this Chapter.

2.2 Experimental procedure

The material used in this study was a DC cast AA3003 alloy ingot. The chemical composition
of the alloy was (wt. %): Mn 1.05, Fe 0.52, and Si 0.28. In order to investigate
homogenization behavior during heating until 550 °C, differential scanning calorimetry (DSC)
under Ar atmosphere is performed using the Rigaku DSC8230 ranging from room
temperature to 550 °C with heating rate of 10 °C / min. In order to investigate the effect of
the heat treatment condition on the homogenization behavior, three different homogenization
treatments were conducted in an air circulation furnace. Their conditions are shown in Figure
2.2 and Table 2.1. Their specimens were cold-rolled with reduction of 90 % after
homogenization treatment. Investigation of the microstructure was performed in an Olympus
GX71 optical microscope. The specimens were ground and polished to 3pm surface finish
and then polished in an OP-S suspension. Constituent particles were observed on the surface
after etched by the Tucker’s reagent (HF : HCl : HNO; : HO = 4.6 : 10.6 : 6 : 178.8). The

Barker’s reagent, i.e. 1.8% HBF,4, was employed to anodize specimens to reveal grain by
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using polarized light of an optical microscope. Micro Vickers hardness measurements using
Matsuzawa MMT-X3A were employed. Seven hardness measurements for each data point
were acquired. The maximum and minimum values were discarded and the average of the
remaining five was used. X-ray diffraction studies (XRD) were undertaken in order to
identify the constituent particles such as primary particle and precipitate. X-ray diffraction
studies were performed on a Rigaku Rint. The electrical conductivity measurements are

performed using FD-102 by eddy current method.

2.3 Results

2.3.1 Formation behavior of precipitate during heating for homogenization

Figure 2.3 shows the DSC result of the as-cast current specimen with heating rate of 10 °C.
The large exothermic peak appeared after 300 °C. Figure 2.4 shows the change of the
electrical conductivity during heating stage of homogenization treatment. The electrical
conductivity shows a small change after heating to 300 °C. After that, it increased rapidly to
the maximum value around 520 °C and decreased with temperature. Figure 2.5 shows the
XRD results of homogenization treatment from 300 °C to 600 °C. The peak of Al¢Mn existed

from as- cast and the peak of a-Al(Mn,Fe)Si appeared after 400 °C.

2.3.2 Microstructure of the particles during homogenization treatment

Figure 2.6 shows the microstructure of the as-cast AA 3003 specimen. A large quantity of rod
like, plate like and network eutectic primary particles are distributed in the interdendritic
regions and on the grain boundaries. Figure 2.7 shows the microstructure of AA3003
specimens after designed homogenization treatments at the low magnification. A number of

precipitates are distributed in the matrix. Figure 2.8 shows the back-scattered microstructure
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of designed homogenization treatments at the high magnification. The number density and
size of precipitates are different by homogenization conditions. Also precipitate free zones
(PFZs) appear differently depending on the homogenization conditions. Figure 2.9 shows the
size distribution of precipitates. The size of precipitates is largest in the Base specimen. The
number density is high. The No-Holding specimen contains fine precipitates densely. In case
of the Slow-Cooling, the size of precipitates is medium and the number density is low

compared with other specimens.

2.3.3 Microstructure of the constituent particles after cold-rolling

Figure 2.10 shows the microstructure after homogenization and cold-rolling. The primary
particles are fragmented and are arrayed toward the deformation direction. Precipitates are
distributed uniformly and PFZs are reduced due to distortion by deformation. Figure 2.11
shows the microstructure of the deformed specimen by using the polarizing optical
microscopy. In the deformed state, elongated bands were observed generally. It indicates

the homogeneous deformation in all specimens.

2.4 Discussion

2.4.1 Transition of Mn Solute atoms during homogenization treatment

It is known that the electrical conductivity of the alloy has a linear relationship with the
reciprocal of the concentration of an alloying element in the solid solution. The AA3003 alloy
contains Mn, Fe and Si elements. However, the electrical conductivity is not particularly

influenced by Fe and Si because the amount of contained Fe and Si is small in the present
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alloy. Therefore, the change of electrical conductivity is mainly due to the variation of Mn in

the solid solution. The electrical conductivity is converted to the resistance by equation (1)

p/nQm=1724.1/%IA C (1)

The contribution of electrical resistivity, Ap, between Mn, Mg solute atoms and Al matrix is
31 nQm wt%™', 3.8~5.1 nQm wt% ' and 26.5 nQm wt%, respectively at room temperature
[17].

Therefore, the Mn concentration in the AA3003 is given by

—26.5 (Wt%) )
31

Mn (Wt%) — pmeasure

The value of electrical conductivity, resistance and concentration of Mn solute atoms after
homogenization treatment arrange in the Table 2.2. The volume fraction of precipitates can be
estimated based on the concentration of Mn solute atoms. According to the results, Mn solute
atoms are highest in the No-Holding specimen, while the Slow-Cooling specimen contains
low Mn solute atoms compared with other specimens. It indicates that the Slow-Cooling
specimen contains the largest volume fraction of precipitates and the No-Holding specimen

contains lowest.
2.4.2 Effect of homogenization conditions on the precipitation behavior

The precipitation behavior and homogenization conditions are closely correlated. Firstly, the
homogenization treatment is separated into the heating, holding and cooling stages.
During heating up to 600 °C in the No-Holding specimen, precipitates start to form at around

300 °C and constituent particles dissolve into the matrix at around 520 °C based on the DSC
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and electrical conductivity results. Also a-Al(Mn,Fe)Si particles are formed at around 400 °C
based on the XRD result. The reasons for the a-Al(Mn,Fe)Si development are the
transformation of Alg(Mn,Fe) to a-Al(Mn,Fe)[10] at the primary particles and the formation
of a-Al(Mn,Fe)Si precipitates. It is found that during heating to 600 °C such as No-Holding
specimen, the nucleation of precipitates and transformation and dissolution of primary
particles occur mainly. Therefore, the size of precipitates is smallest and the number density
is high.

During holding at 600 °C such as Base specimen, precipitates grow up and dissolve until the
equilibrium state of solubility [9]. Thus, the size of precipitates becomes larger and number
density becomes lower compared with the No-holding specimen.

At the cooling in the furnace such as the Slow-Cooling specimen, precipitates are formed
due to the reducing of Mn solubility with decreasing temperature. In the Slow-Cooling
specimen, the number density of precipitate becomes higher compared with Base specimen.
Also, the size of precipitate becomes smaller slightly compared with the Base specimen due
to the nucleation of new precipitates during cooling. The results of size distributions on the
dispersoids in the specimens correspond to the phenomena occurring at each stage. The
characteristic of precipitates in all specimens is shown in Table 2.3.

Based on the results, Figure 2.12 shows the schematic illustration of the precipitation

behavior during the homogenization treatment.

2.4.3 The change of microstructure after cold-rolling

The change of electrical conductivity is shown in Figure 2.13. The value of electrical
conductivity decreases compared with that after homogenization treatment in all specimens.

It indicates that the generated dislocations by cold-rolling affect the electrical conductivity.
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However, the decrement of the conductivity in each specimen is different. It means that the
amount of generated dislocations is different with homogenization conditions. Especially, the
decrement in the Slow-Cooling specimen is largest due to the large size of precipitates with

high number density compared with other specimens.

2.5 Conclusions

Effects of homogenization conditions such as heating, holding and cooling on the
precipitation behavior in Al-Mn alloy are examined. The optical microscope, scanning
electron microscope, DSC, electrical conductivity measurement and XRD are applied in
order to investigate the precipitation behavior of dispersoids. The obtained results are

summarized as follows.

1. The formation of precipitates occur at around 300 °C and they dissolve at above 530 °C
during heating of the homogenization treatment based on the DSC, electrical conductivity

results.

2. Fine precipitates are formed with high number density, while low volume fraction during
heating to 600 °C in the No-Holding specimen, because the nucleation of precipitates mainly

occurs. The concentration of the Mn solute atoms is as high as 0.64 wt% in the matrix.

3. The growth with the partial dissolution of dispersoids is the dominant phenomena during
holding at 600 °C. Therefore, the large precipitates are formed with low number density in
the Base specimen. The volume fraction is higher and concentration of Mn solute atoms is

lower, 0.57 wt%, than the No-holding specimen.
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4. The fine precipitates are reformed with high number density during cooling to room
temperature in the Slow-Cooling specimen. The volume fraction is highest and the

concentration of the Mn solute atoms is lowest as 0.40 wt%, compared with other specimens.
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Table 2.1 Conditions of homogenization treatment.

The name of

Heating rate Holding time Cooling rate
condition
Base 50 °C/h 16 h W.Q.
No-Holding(NH) 50 °C/h Oh W.Q.
Slow-Cooling(SC) 50 °C/h 16 h Furnace-Cooled
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Figure 2.6 Microstructure at low magnification of as-cast Al-Mn alloy
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Figure 2.7 Microstructure at low magnification of the Al-Mn alloy with (a) Base condition, (b)
No-Holding condition and (c¢) Slow-Cooling condition.
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Figure 2.7 Continued
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Figure 2.8 Back scattered images of the Al-Mn alloy with (a) Base, (b) No-Holding and (c)

Slow-Cooling condition.
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RD

Figure 2.10 Microstructures after cold rolling with 90% reduction of (a) Base, (b) No-

Holding and (c) Slow-Cooling specimen.
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Figure 2.10 Continued
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Figure 2.11 Polarized microstructure of Base specimen after cold-rolling
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Table 2.2 Values of the electrical conductivity, resistivity and concentration of Mn solute

atoms after homogenization treatments.

Electrical
Electrical resistivity Mn concentration
conductivity
(nQm) (wt %)

(%IACS)
Base 39.1 44.1 0.57
NH 37.1 46.5 0.64
SC 44.5 38.8 0.40
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Table 2.3 Characteristic of precipitates after homogenization treatments

Base NH SC
Volume fraction Medium Low High
Number density Low High High
Average size (um) 0.22 0.14 0.18
Medium (0.57) High (0.64) Low (0.40)

Mn solute atom (wt %)
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Chapter 3

Effects of annealing temperature and time on the recrystallization

behavior of an Al-Mn alloy

3.1 Introduction

Recrystallization and recovery are two competing softening processes in deformed materials.
Recrystallization is a process that involves the formation of a new grain structure in a
deformed material by the formation and migration of high angle grain boundaries (HAGB)
with the misorientation angles above 15 °© in aluminum [1]. Recovery can be defined as all
annealing processes occurring in deformed materials without the migration of high angle
grain boundaries (HAGB), i.e. dislocation rearrangement to lower the strain energy through
the formation of sub-grains. Nucleation of recrystallized grains is typically found when high
angle grain boundaries are produced, i.e. in the regions with lattice misorientation,
deformation zones and shear bands. The nucleated new grains continue to grow with the rate
depending on the grain boundary mobility. Grain growth normally appears as normal grain or
abnormal grain growth [2]. Investigation on the deformed state is considered to be critical for
studying recrystallization. Successful cases have been reported by many researchers [3-9] in

which characterization of subgrain structures in the deformed states are carried out to
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investigate the recrystallization mechanisms. Recrystallization is a thermally activated
process; therefore temperature greatly influences the recrystallization rate. Heating rate can
also be important and rapid heating may result in less time for recovery to occur which means
that there is a lower reduction in the internal energy from recovery and hence recrystallization
is more rapid [2]. The amount of strain affects the rate of recrystallization by changing the
amount of stored energy. Increasing the strain rate of deformation prior to recrystallization
increases the rate of recrystallization. Davenport et al. has been carried out on the strain path
effect on recrystallization and they are primarily focused on cold worked aluminum [10]. The
objective of this Chapter is to investigate the changes of recrystallization time and

temperature depending on the different homogenized microstructures.

3.2 Experimental procedure

Same alloys after designed homogenization treatments are used in this study. In order to
investigate the temperature dependence of recrystallization behavior with designed
homogenization treatment, the isochronal annealing treatment was conducted at temperatures
from 250 to 500 °C for 1 h in the salt bath after cold-rolled. The isothermal annealing
treatment also conducted at 350 °C in order to investigate the time dependence. The thermo-
mechanical processes in this study are schematically illustrated in Figure 3.1. Microstructure

observations and hardness measurements are performed in a same way with Chapter 2.
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3.3 Results

3.3.1 Softening phenomena with annealing temperature for 1 hour

Figure 3.2 shows the softening curves during isochronal annealing at each temperature for 1
hour. The hardness of the Slow-Cooling specimen is dropped at low temperature and the No-
Holding specimen is dropped at high temperature to around 35 HV compared with the Base
specimen.

Figure 3.3 shows the microstructure of the Base specimen during isochronal annealing at
each temperature for 1 hour. The recrystallized grains are generated and increased gradually
with increasing annealing temperature.

Figure 3.4 shows the microstructure of the Base, No-Holding, and Slow-Cooling specimens
after isochronally annealed for 1 hour at low temperature. The deformation microstructure
was observed clearly in all of specimens.

Figure 3.5 shows the microstructure of all specimens after isochronally annealed for 1 hour at
500 °C. All of the specimens exhibit recrystallization microstructures. However, the size of

recrystallized grains is large in the No-Holding specimen compared with other specimens.

3.3.2 Softening phenomena with annealing time at 350 °C

Figure 3.6 shows the softening curves during isothermal annealing at 350 °C. The results are
similar to the results of isochronal annealing treatment. The hardness of the Slow-Cooling
specimen is dropped at the short time and the No-Holding specimen is dropped at the long
time to around 35 HV compared with the Base specimen. Moreover, the recrystallization time
is extremely delayed in the No-Holding specimen.

Figure 3.7 shows the microstructures of the Base specimen after isothermal annealing at
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350 °C for 60s, 300s, and 345.6ks, respectively. The deformation bands were displaced by the
recrystallized grains with annealing time. Moreover the recrystallized grains slightly grew up.
Figure 3.8 shows the microstructures of the No-Holding specimen after isothermal annealing
at 350 °C for 1.8ks, 18ks, and 345.6ks, respectively. The deformation bands grew gradually
with annealing time.

Figure 3.9 shows the microstructures of the Slow-Cooling specimen after isothermal
annealing at 350 °C for 10s, 60s, and 345.6ks, respectively. The deformation bands were
rapidly displaced by recrystallized grains. The grain size is smallest compared with other
specimens. However, the growth of the recrystallized grains is not observed.

Figure 3.10 shows the microstructure of the Base, No-Holding and Slow-Cooling specimens
after isothermal annealing for 0.3ks, 18ks, and 60s, respectively. The deformation bands were
displaced by the recrystallized grains in the Slow-Cooling specimens and partially remained
deformation bands in the Base specimen. However, the growth of deformation bands
appeared in the No-Holding specimen. The size of the recrystallized grains is large in the
Base specimen compared with the Slow-Cooling specimens.

Figure 3.11 shows the microstructure of the Base, No-Holding and Slow-Cooling specimens
after isothermal annealing for 345.6 ks (4 days). The recrystallized grains were formed
completely in the Base and Slow-Cooling specimens. However, the deformation bands more

grew up in the No-Holding specimen.
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3.4 Discussion

3.4.1 Effect of the annealing temperature on the recrystallization behavior

The rate of recovery and recrystallization behavior and size of recrystallized grains are
strongly influenced by annealing temperature. The hardness values of all specimens decrease
from around 70HV to 35HV with increasing annealing temperature in Figure 3.2. Then, the
hardness of each specimen remains almost constant with the value of around 35HV. The
temperature at which the hardness becomes 35HV indicates that the recrystallization
behavior is completed at this temperature. The temperature is designated as 7r in the
present thesis. The temperature 7 is different with different homogenized microstructures.
Based on the Figure 3.2, in the Slow-Cooling specimen the recovery and recrystallization
occur at low temperature compared with that of the Base specimen. On the other hand, in the
No-Holding specimen the recovery and recrystallization occur at high temperature compared
with those in the Base specimen. The microstructure at lower temperature than 7 exhibited
deformation bands in Figure 3.4. The recrystallized grains of the Base specimen were
generated with increasing annealing temperature for 1 hour in Figure 3.3. It indicates that the
recovery and recrystallization behavior are accelerated at high annealing temperature in the
same homogenized specimens. The size of the recrystallized grains also decreased with
increasing annealing temperature such as Figure 3.3 (d) and Figure 3.5 (A). In case of the
Base and Slow-Cooling specimens, the size of recrystallized grain corresponds with the
distribution of precipitates. However, in case of the No-Holding specimen, large
recrystallized grain appeared at high temperature compared with other specimens even

though the number density of precipitates is high. It will be mentioned at Chapter 4.
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3.4.2 Effect of the annealing time on the recrystallization behavior

The recrystallization time also is different with different homogenized microstructures even
though the specimens are the same alloy. The hardness of the Base, No-Holding, and Slow-
Cooling specimens at 350 °C decreased with increasing annealing time from the beginning
to about 30 s, 600 s and 4.3x10° s, respectively, in Figure 3.6. The time when the hardness
becomes almost constant of 35HV is designated as fr in the present thesis. The
hardness of each specimen remains almost constant after longer annealing time than g
The figure 3.7, 3.8 and 3.9 shows the change the microstructure of specimens during
isothermal annealing at 350 °C. When the hardness reached to 35HV in the Base and Slow-
Cooling specimens, the recrystallized grains are almost generated. In other word, the
recrystallization behavior in the Base, Slow-Cooling specimens are finished at around 300s
and 60s, respectively. On the other hand, the recrystallized grains were not observed while
the elongated grains were observed in the No-Holding specimen even though the value of
hardness dropped certainly. Moreover, the elongated grains grew with increasing annealing
time in the No-Holding specimen. In case of low temperature, the size of recrystallized grains
corresponds to the distribution of precipitates even though grain growth occurred slightly
compared with the case of high temperature. However, in the No-Holding specimen, the
Zenner pinning effect by precipitates does not work even though the No-Holding specimen
contains high number density of fine precipitates. Figure 3.10 shows the comparison of
microstructures at around #g. The different recrystallization behavior is revealed between the

No-Holding and other specimens definitely. This phenomenon will be discussed in Chapter 4.
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3.4.3 Separation between recovery and recrystallization behaviors.

Usually, the recrystallization behavior can be defined as recovery, nucleation and grain
growth stages. However, in this thesis, the recrystallization behavior would define as recovery,
nucleation, grain growth, and coarsening stages by using hardness results and microstructures.
Because, the driving force between the grain growth and coarsening stages is different. The
grain growth occurs during the drop of the hardness. It means that the grain growth consumes
the strain energy until impingement of grains. However, all strain basically disappeared at the
coarsening stage. In case of this stage, the grain boundary energy is main driving force for the
coarsening of grain. Therefore, grain growth and coarsening stage can be separated clearly.
Figure 3.12 shows the schematic illustration for the separation of recrystallization behavior

and the results of each specimen are summarize in the Table 3.1.

3.5 Conclusions

Effects of annealing temperature and time on the recrystallization behavior in the Al-Mn alloy
are discussed. The optical microscope and hardness measurement were applied in order to
investigate the recrystallization behavior. Obtained experimental results are summarized as

follows.

1. The recrystallization temperature, 7, is different with different homogenized
microstructures. The Slow-Cooling specimen has the low recrystallization temperature while

the No-Holding specimen has the high recrystallization temperature.

2. At high temperatures, recrystallization occurred completely in all specimens. However, the
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size of recrystallized grains is different. The recrystallized grains are largest in the No-

Holding specimen compared with other specimens.

3. The recrystallization time, #g, is also different with different homogenization conditions.
The Slow-Cooling specimen has short recrystallization time while the No-Holding specimen

has long recrystallization time.

4. At low temperatures, recrystallization occurred completely in the Slow-Cooling and Base
specimens. However, the elongated grains appeared and grew up in the No Holding specimen

even though annealing time was extended.
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Figure 3.3 Microstructures of the Base condition specimen after isochronally annealed for 1 h

at temperatures of (a) 300°C, (b) 325°C, (c¢) 350°C and (d) 400°C.
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Figure 3.3 Continued.

-61 -



Figure 3.4 Microstructures after isochronally annealed for 1h at 300 °C of (a) Base, (b) No-

Holding, and at 250 °C of (c¢) Slow-Cooling conditions.
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Figure 3.5 Microstructures after isochronally annealed for 1 h at 500 °C

and (c) Slow-Cooling conditions
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Figure 3.5 Continued.
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Figure 3.7 Microstructures after isothermally annealed at 350°C for (a) 60 s, (b) 300 s, and (c)

345.6ks in the Base specimen.
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Figure 3.8 Microstructures after isothermally annealed at 350°C for (a) 1.8 ks, (b) 18 ks, and

(c) 345.6ks in the No-Holding specimen.
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Fig. 3.10 Microstructures after isothermally annealed of (a) Base for 300 s, (b) NH for 18 ks,

and (c) SC for 60 s.
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Figure 3.11 Microstructures after isothermally annealed for 345.6 ks at 350 °C (a) Base, (b)

NH and (c) SC conditions.
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Figure 3.12 Recovery, recrystallization and coarsening stages during isothermal annealing.
The recrystallization stage is divided into the initial nucleation and subsequent growth stages

in the present work to understand microstructures.
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Table 3.1 Summary for the stages during isochronal and isothermal annealing for the NH,

Base and SC conditions.

(for 1hour) NH Base SC
250 °C Recovery Recovery Nucleation
350 °C Recovery Nucleation & Nucleation &
Grain growth Grain growth
500 °C Nucleation & Coarsening Coarsening
Grain growth
(at 350 °C) NH Base SC
1 minute Recovery Recovery Nucleation &
Grain growth
Sminutes Recovery Nucleation & Coarsening
Grain growth
Shours Grain growth Coarsening Coarsening
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Chapter 4

Combined effects of Mn containing dispersoids and Mn solute

atoms on the recrystallization microstructures of an Al-Mn alloy

4.1 Introduction

The retardation effect by the small particles on the grain boundaries motion is called Zener
pinning effect [1]. This effect has been investigated by many researchers through
experimental and modeling approaches [1-11]. For a random distribution of spherical, mono-
sized particles, the pinning pressure/force P, exerted on the boundary is given by Eq. 4.1 [1].

3yF
Pz = 2 4.1)
2r

Where v is the specific boundary energy, F,, is the particle volume fraction and r is the
particle radius. The growth of recrystallized grain is controlled by the competition of the two
opposing pressures, i. €. driving pressure for growth and Zener Pining, therefore the sum of
these two parts (positive or negative) is sometimes used to roughly determine whether
recrystallization would occur or not [1]. It is clearly shown in Eq. 4.1 that the ratio of F/ r is
a critical parameter. In fact, the size / spatial distribution, volume fraction, morphology of the
particles also affect the recrystallization [12-19].

The deformation zones formed around large particles (1~2um) can act as nucleation sites for
- 74 -



recrystallization grains because they have high dislocation density and large lattice
orientation [20]. This phenomenon is termed as particle stimulated nucleation (PSN). The
critical particle parameter for PSN to occur depends on temperature and strain. As shown in
Figure 4.1, during high temperature deformation, the PSN may not occur, i.e. deformation
zones around particles are not formed, and the process is nucleation limited while during low
temperature deformation it is growth-limited. When there is a bimodal size distribution of
particles in the material, both the pining effect and PSN may operate concerning both
nucleation and recrystallization kinetics [21]. In this Chapter, the effects of constituent
particles, especially precipitates, on the recrystallization behavior and microstructures,
especially the size of recrystallized grains, are focused. Also, the effect of Mn solute atoms
on the rate of recrystallization and determination between continuous and discontinuous

recrystallization will be discussed.

4.2 Experimental procedure

Same alloys after designed homogenization treatments are used in this study. In order to
investigate the recrystallization behavior of homogenized specimens, the isochronal
annealing treatment was conducted at temperatures from 250 to 500 °C for 1 h in the salt bath
after cold-rolled. The isothermal annealing treatment was also conducted at 350 °C. The
thermo-mechanical processes in this study are schematically illustrated in Figure 4.2.
Microstructure observations, electrical conductivity, and hardness measurements are

performed in a same way with Chapter 2.
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4.3 Results

Figure 4.3 shows the microstructures after annealing treatment for 1 hour at 500 °C. At the
high temperature, the recrystallization behavior finished completely. The size of
recrystallized grains is different with different homogenization conditions. The No-Holding
specimen has large recrystallized grains while Slow-Cooling specimen has small
recrystallized grains compared with the Base specimen.

Figure 4.4 shows the change of electrical conductivity after isochronal annealing treatment
for 1 hour. From as-cold rolled, the conductivity is increased slightly with annealing
temperature in the Base and Slow-Cooling specimens. However, the conductivity is
drastically increased in the No-Holding specimen. It indicates that the precipitation behavior
occurs strongly with increasing annealing temperature in the No-Holding specimen compared
with other specimens.

Figure 4.5 shows the microstructures after annealing treatment at 350 °C for 300 s, 18 ks, and
60 s of the Base, No-Holding, and Slow-Cooling specimen, respectively. The recrystallization
behavior is already finished in the Base and Slow-Cooling specimen. However, the No-
Holding specimen generated elongated grains.

Figure 4.6 shows the microstructures after annealing treatment at 350 °C for 345.6 ks of all
specimens. The recrystallized grains of the Base and Slow-Cooling specimens grow up
slightly while the elongated grains of the No-Holding specimen grow up drastically. It
indicated that the recrystallization behavior between the No-Holding and other specimens
occurred by different mechanisms. The continuous recrystallization behavior occurred
without nucleation of new grains in the No-Holding specimen while the discontinuous

recrystallization behavior occurred with nucleation of new grains in the Base and Slow-
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Cooling specimens.

Figure 4.7 shows the change of electrical conductivity after isothermal annealing treatment at
350 °C. The conductivity is increased slightly in the Base and Slow-Cooling specimen from
as-cold rolled. However, the conductivity is drastically increased in the No-Holding specimen.
This result is also assumed to be the same trend as that shown in Figure 4.4. It indicates that
the concentration of Mn solute atoms is assumed to play an important role to determine the

continuous or discontinuous recrystallization.

4.4 Discussion

The characteristic of precipitates were mentioned in Chapter 2. Figure 4.8 shows the
microstructure after each homogenization treatment at high magnification and summarized in
Table 4.1. The number density of precipitates is higher in the No-Holding and Slow-Cooling
specimens compared with the Base specimen. According to the Zener pinning effect, the No-
Holding and Slow-Cooling specimens must has small recrystallized grains. However, the No-
Holding specimen has large recrystallized grains at high annealing temperature and large
elongated grains at low annealing temperature. In other words, the recrystallization behavior
of the No-Holding specimen is influenced by another factor. It is due to the Mn solute atoms.
Furthermore, Mn solute atoms may influence on the rate of recovery before the

recrystallization behavior.

4.4.1 Effect of Mn solute atoms on the recrystallization behavior.

It is known that the electrical conductivity of the alloy has a linear relationship with the

reciprocal of the concentration of an alloying element in the solid solution. The AA3003 alloy
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contains Mn, Fe and Si elements. However, the electrical conductivity is not particularly
influenced by Fe and Si because the amount of contained Fe and Si is small in the present
alloy. Therefore, the change of electrical conductivity is mainly due to the variation of Mn in
the solid solution. The electrical conductivity, resistance and Mn concentration are shown in
Table 4.2. The concentration of Mn solute atoms is the highest in the No-Holding specimen.
The Slow-Cooling specimen contains the lowest Mn concentration among the homogenized
specimens. These results of the Mn concentration in the matrix are correlated with the micro
Vickers hardness and microstructure. It is, then, concluded that the recrystallization
temperature, Tk, and time ¢z decrease with decreasing concentration of Mn solute atoms.
Moreover, even though the hardness is decreased, the elongated grains appeared in the No-
Holding Specimen at 350 °C. It is indicated that the concentration of Mn solute atoms
strongly influence on the rate of recovery and recrystallization and determination of the
continuous and discontinuous recrystallization behavior. During annealing treatment, the
recovery and recrystallization mainly occur. However, the precipitation also occurs in the
case of the high concentration of Mn solute atoms in the matrix such as the No-Holding
specimen.

Consequently, the concentration of Mn solute atoms strongly causes the retardation of

recovery with decreasing annealing temperature due to the precipitation.

4.4.2 Effect of constituent particles on the recrystallization behavior.

The Zener pinning effect strongly influenced on the recrystallization microstructure in the
Base and Slow-Cooling specimens. However, in the Slow-Cooling specimen the
recrystallization behavior is quickly finished compared with the Base specimen. This means

that the role of precipitates is not only the Zener pinning effect but also the particle stimulated
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nucleation (PSN). The size of precipitates in the Slow-Cooling specimen is around 0.18um.
However, the number density of precipitates is higher compared with that in the Base
specimen based on the Table 4.1. When many nuclei are formed by the particle stimulated
nucleation at the initial stage, these nuclei cannot grow up largely due to the Zener pinning
effect by precipitates. Thus, the Slow-Cooling specimen has smallest recrystallized grains
compared with other specimens. The role of primary particles is the same as nucleation sites
in all specimens.

Consequently, the distribution of precipitates strongly influences the size of recrystallized
grains. Also, the precipitates contribute the particle stimulated nucleation (PSN) even though
the size is smaller than 1um. However, when the high Mn solute atoms remain, the role of
precipitates becomes less important.

Based on the results, Figures 4.9 and 10 show the schematic illustration of the

recrystallization behavior at high and low temperatures, respectively.

4.5 Conclusions

The effects of constituent particles and Mn solute atoms on the recrystallization behavior
were investigated in the Al-Mn alloy with different thermo-mechanical processes using micro
Vickers hardness, electrical conductivity measurements and microstructure observation. The

obtained results are summarized as follows.

1. The No-Holding specimen had the high number density of precipitates after the
homogenization treatment. However the recrystallization behavior occurred very slowly

compared with other specimens by micro Vickers hardness. In addition, the elongated grains
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were observed at low annealing temperature and large recrystallized grains were observed at

high annealing temperature due to the high Mn solute atoms in the matrix.

2. The Slow-Cooling specimen showed the most rapid recrystallization behavior and finest
recrystallized grains. It contained large amount of precipitates after the homogenization

treatment compared with other specimens.

3. The concentration of Mn solute atoms strongly causes the retardation of recovery with
decreasing annealing temperature due to the precipitation. The distribution of precipitates
strongly influences the size of recrystallized grains. Also, the precipitates not only case the
Zener pinning effect but also contribute the particle stimulated nucleation (PSN) even though

the size is smaller than 1um.
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Figure 4.2 Schematic illustrations of annealing treatments.
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(a) Base, (b) No-

9

Figure 4.3 Microstructures after isochronally annealed for 1 h at 500 °C

and (c) Slow-Cooling conditions

Holding,
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Figure 4.3 Continued.
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Figure 4.4 Changes of electrical conductivity during isochronal annealing for 1 hour.
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Figure 4.5 Microstructures after isothermally annealed at A area (partial recrystallized) of (a)
Base of 300 s, (b) NH of 18 ks, and (c) SC of 60 s.
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Figure 4.6 Microstructures after isothermally annealed for 345.6 ks at 350 °C (a) Base, (b)

NH and (c¢) SC conditions.
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Figure 4.7 Changes of electrical conductivity during isothermal annealing at 350 °C.
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Figure 4.8 Microstructures of specimens after homogenization treatment with (a) Base, (b)

No-Holding, and (¢) Slow-Cooling conditions.
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Figure 4.8 Continued.
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Table 4.1 Characteristic of precipitates with each homogenization treatment

Base NH SC
Volume fraction Medium Low High
Number density Low High High
0.22 0.14 0.18

Average size (um)
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Table 4.2 Values of the electrical conductivity, resistivity and concentration of Mn solute

atoms after homogenization treatments.

Electrical
Electrical resistivity Mn concentration
conductivity
(nQm) (wt %)

(%IACS)
Base 39.1 44.1 0.57
NH 37.1 46.5 0.64
SC 44.5 38.8 0.40
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Figure 4.9 Schematic illustrations of recrystallization behavior at high temperature (500 °C)
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Figure 4.10 Schematic illustrations of recrystallization behavior at low temperature (350 °C)
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Chapter 5

Mechanical  properties of specimens with  different

recrystallization microstructures in an AI-Mn alloy

5.1 Introduction

Generally, the principal strengthening agents in 3xxx alloys were primary alloy additions and
relevant constituent particles [1-2]. In the conventional Al-Mn alloys, such as the 3003
aluminum alloy, Al¢gMn, a-Al(Mn,Fe)Si and Alg(Mn,Fe) particles were the main constituent
particles [3-4]. The size and amount of intermetallic Mn-containing particles affect the grain
structure development during thermo-mechanical processing by stimulating or retarding
recrystallization. Strengthening of the material by solid solution hardening is another way;
Mn solute atoms influence material properties [5].

The effects of homogenization conditions, Mn containing dispersoids and Mn solute atoms
on the recrystallization behavior are discussed in the Chapter 2, 3, and 4.

In this Chapter, the mechanical properties of the specimens with the different homogenization
conditions after isothermal annealing treatments at 350 °C are evaluated by the tensile test.
Through the evaluation of mechanical properties, the effects of above mentioned factors will

be discussed.
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5.2 Experimental procedure

The specimens with the No-Holding, Base and Slow-Cooling conditions then cold-rolled by
90 % reduction and annealed at 350 °C for 18 ks, 300 s, and 60 s respectively were prepared.
The shape and size of the tensile test sample is shown in Figure 5.1. The tensile tests were

performed with a SIMADZU AG-X plus tensile test machine at a strain rate of 0.001 s™.

5.3 Results

Figure 5.2 shows the true stress-strain curves for the No-Holding, Base and Slow-Cooling
specimens after cold-rolled. The No-Holding and Base specimens exhibit larger elongation
than the Slow-Cooling specimen containing large and dense precipitates and high density of
dislocations. The containing high density of dislocations means that the work hardening
already strongly occurred after cold-rolling.

Figure 5.3 shows the true stress-strain curves for the No-Holding, Base and Slow-Cooling
specimens after isothermal annealing treatment at 350 °C for recrystallization time as 18 ks,
300 s, and 60 s, respectively. The true stress decreased while the true strain increased in all
specimens compared with the results after cold-rolled due to the softening effect.

Figure 5.4 shows the changes of UTS (Ultimate tensile strength) for the No-Holding, Base
and Slow-Cooling specimens. The value of UTS is decreased after annealing treatment. It
indicates that the specimens become softening completely by recovery and recrystallization.
Figure 5.5 shows the changes of elongation for all specimens after isothermal annealing
treatment at 350 °C for the recrystallization time. The values of elongation are increased in

all specimens. Especially, the elongation of the Slow-Cooling specimen is increased
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drastically while the Base specimen is increased slightly.
The UTS and elongation of all specimens after cold-rolled and annealing treatment are

represented in Table 5.1.

5.4 Discussion

5.4.1 Effects of homogenization conditions on the mechanical properties after cold-

rolling

The UTS and elongation of all specimens are presented in Table 5.1. The UTS of the No-
Holding specimen is higher than that of the other specimens. The hardness of the No-Holding
specimen is also higher than that of the other specimens. As a result, the No-Holding
specimen is strengthened with solute strengthening and precipitation strengthening. The
contribution of dispersoids to the yield strength of alloys, op, due to the Orowan bowing
mechanism can be calculated from the Ashby-Orowan equation [6]

0.84MGD | r

GD 27[(1_0)1/21 b ( )

M is the Taylor factor, G the share modulus of the Al matrix, b the Burgers vector of
dislocations in Al and v the poison ratio. The interspacing of dispersoids A depends on the

radius y and volume fraction f of dispersoids:

P2
=5

According to the Eq. (1) and Eq. (2), the yield stress due to the precipitation strengthening
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increases with increasing volume fraction and decreasing size of precipitates [7]. The No-
Holding specimen is quite corresponding to these required conditions. Moreover, the No-
Holding specimen contained high concentration of Mn solute atoms compared with other

specimens.

5.4.2 Effects of homogenization conditions on the mechanical properties after annealing

treatment

After annealing treatment, the UTS decreases with increasing elongation compared with as
cold-rolled. It indicates that the softening phenomena occurred during annealing treatment
totally at all specimens. Especially, the elongation is drastically increased in the No-Holding
and Slow-Cooling specimens. According to the results after annealing, the Slow-Cooling
specimen has small recrystallized grains by the discontinuous recrystallization with high
number density of precipitates and the No-Holding specimen has elongated large grains by th
e continuous recrystallization. The Slow-Cooling and No-Holding specimens certainly
exhibit different phenomena. In case of the Slow-Cooling specimen, precipitates with about
0.18 um are contained with high number density and the concentration of Mn solute atoms in
the matrix is lowest after the homogenization treatment. During annealing treatment, the
grain refinement is achieved by recrystallization. The grain refinement is an important factor
to increase mechanical properties. The fine equiaxed grains cause the increased work
hardening due to the generation of dislocations homogeneously, resulting in the increasing
the durability for the fracture.

On the other hand, in case of the No-Holding specimen, precipitates with about 0.14 um are
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contained with high number density and the concentration of Mn solute atoms is highest after
the homogenization treatment. After the annealing treatment, the elongated grains appeared
by the continuous recrystallization at the low temperature as 350 °C. However, the excellent
mechanical properties, especially fracture elongation, are obtained. Muggerud et al. reported
that a significant dispersion hardening effect can be achieved in 3xxx alloys by low
temperature annealing [7]. Based on the electrical conductivity, the precipitation occurred
during the annealing treatment. It means that the volume fraction of precipitates is increased
after annealing treatment in the No-Holding specimen and the tensile test conducted to the
elongated direction of grains. Therefore, the No-Holding specimen exhibits high elongation

with high strength due to the precipitation hardening and anisotropy.

5.5 Conclusions

Through the evaluation of mechanical properties, the effects of homogenization conditions,
constituent particles and Mn solute atoms on the recrystallization behavior was investigated
in the Al-Mn alloy with different conditions such as after cold-rolled and after annealing

treatment. The obtained results are summarized as follows.

1. The values of the UTS of the No-Holding, Base and Slow-Cooling specimens are 241.14,
228.60 and 220.21 MPa, respectively. The values of the elongation of the No-Holding, Base

and Slow-Cooling specimens are 12.14, 13.65, and 5.50 %, respectively after cold-rolled.

2. After the annealing treatment, the values of the UTS of the No-Holding, Base and Slow-
Cooling specimens are decreased, about 175.14, 170.31, and 158.36 MPa, respectively.

However, the values of the elongation of the No-Holding, Base and Slow-Cooling specimens
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are increased to about 31.13, 16.61, and 34.57 %, respectively.

3. During the annealing treatment, the grain refinement occurred by recrystallization in the
Slow-Cooling specimen and the dispersoid hardening, and anisotropy of grain direction
occurred by precipitation and the continuous recrystallization in the No-Holding specimen.

Especially, the grain refinement has a strong influence on the fracture elongation.
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Figure 5.1 Schematic illustration of a tensile specimen.
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Figure 5.2 Stress-strain curves for the No-Holding, Base, and Slow-Cooling specimens after

cold-rolling.
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Figure 5.3 Stress-strain curves for the No-Hodling, Base, and Slow-Cooling specimens after

annealing treatment at 350 °C for 18 ks, 300 s, and 60 s, respectively.
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and annealing treatment at 350 °C for 18 ks, 300 s, and 60 s, respectively.
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Figure 5.5 Fracture elongation values of No-Holding, Base, and Slow-Cooling specimens

after cold-rolling and annealing treatment at 350 °C for 18 ks, 300 s, and 60 s, respectively.
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Table 5.1 Values of UTS and fracture elongation for all specimens after cold-rolling and

recrystallization.

Ultimate tensile strength, (MPa)

Elongation, (%)

NH Base SC NH Base SC
Cold-rolled 241.1 228.6 220.2 12.14 13.65 5.50
Recrystallized 175.1 170.3 158.4 31.13 16.61 35.08
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Chapter 6

General conclusions

Al-Mn alloys have a good combination of strength, ductility, formability, corrosion res
istance and thermal conductivity. These alloys are widely used for the heat exchanger,
can body and building materials mainly in the form of sheets. In the Al-Mn based a
lloys, the grain size, Mn solute atoms and Mn containing dispersoids in the matrix ar
e known to affect strongly their microstructure and mechanical properties through the

thermo-mechanical processes including homogenization, deformation and annealing treat
ments. The present thesis focused on the effects of Mn containing dispersoids such as
size and distribution and Mn solute atoms in the matrix on the recrystallization beha

vior of an Al-Mn alloy. The objective and mainly obtained results are summarized.

In Chapter 1 “General introduction”, background, previous research work and current
problems on the recrystallization behavior in Al-Mn alloys, and the objective and outline of
the present thesis are presented. The importance of clarifying the relationship between the
microstructure controlling by homogenization and the deformation and recrystallization

behavior is described.
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In Chapter 2 “Formation of Mn containing dispersoids with homogenization treatments
and deformation microstructure in an Al-Mn alloy”, the transitions of primary particles
and precipitates during the homogenization treatment and cold-rolling are described through
the microstructure observation, DSC, XRD and electrical conductivity measurements. Three
kinds of homogenization treatments are designed by separated heating (No-Holding
condition), heating + holding (Base condition), and heating + holding + furnace cooling
(Slow-Cooling condition). The No-Holding condition, contained small precipitates with high
number density and highest concentration of Mn solute atoms, Base condition, contained
large precipitates with low number density and medium concentration of Mn solute atoms,
and Slow-Cooling condition, contained medium size precipitates with high number density
and lowest concentration of Mn solute atoms, have different dispersoids and Mn
concentration produced by homogenization treatments. The primary particles are fragmented
and precipitates are distributed more uniformly by cold-rolling with reduction by 90 %. Also,
a number of dislocations are generated after cold-rolling. In case of the Slow-Cooling
condition, dislocations are more generated due to the high number density of medium size

Mn containing dispersoids.

In Chapter 3 “Effects of annealing temperature and time on the recrystallization
behavior of an Al-Mn alloy”, the effects of annealing temperature and time on the
recrystallization behavior, especially the rate of recrystallization behavior, are described
through the observation of microstructure and hardness measurement. The recrystallization
temperature, 7, and time, fg, are different depending on the different homogenization

treatments. The recrystallization behavior in the Slow-Cooling condition occurred at 350 °C
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for 60 s. At the high annealing temperature, the recrystallization behavior finished completely
and recrystallized grains appeared in all conditions. However, at the low annealing
temperature, the elongated grains appeared in the No-Holding condition even though
annealing time is prolonged. In the No-Holding condition elongated grains are clearly
observed after annealing, indicating that the continuous recrystallization occurs. In the other
conditions equiaxed grains are observed after annealing, indicating that the discontinuous

recrystallization occurs.

In Chapter 4 “Combined effects of Mn containing dispersoids and Mn solute atoms on
the recrystallization behavior of an Al-Mn alloy”, the role of constituent particles,
especially precipitates, and Mn solute atoms on the recrystallization behavior, such as grain
size and rate of recovery and recrystallization behavior, is presented. The concentration of
Mn solute atoms strongly affects the rate of recovery and recrystallization behavior. The
remained Mn solute atoms affect the retardation of the recovery behavior. Thus, the
recrystallization behavior is also delayed such as in the No-Holding condition at low
temperature. Moreover, the Mn solute atoms are assumed to play an important role to
determine the continuous or discontinuous recrystallization. The precipitates affect both the
recrystallized grain size and rate of recrystallization behavior. Precipitates not only cause the
Zener pinning effect but also contribute the particle stimulated nucleation (PSN) even though

the size is smaller than 1um.

In Chapter 5 “Mechanical properties of specimens with different recrystallization
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microstructures in an Al-Mn alloy”, the evaluation of mechanical properties before and
after the annealing treatment is described through the tensile test. The UTS after cold-rolling
is higher than that after annealing treatment due to the softening effect during annealing
treatment. Also, the elongation is increased drastically after annealing treatment. After
annealing treatment, two types of strengthening mechanism work in the Slow-Cooling and
No-Holding conditions, respectively. The grain refinement occurred by the recrystallization
in the Slow-Cooling condition and the dispersoids hardening occurred by precipitation at low

annealing temperature in the No-Holding condition.

In Chapter 6 “General conclusions”, conclusions obtained in each Chapter are summarized.
Accordingly, the control of the size, distribution of Mn dispersoids (precipitates) and
concentration of Mn solute atoms by using homogenization treatment strongly influence the

recrystallization behavior and mechanical properties.
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