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FOREWORD

Metal forming by Severe Plastic Deformation (SPD) evolves rapidly among the
manufacturing technologies. The main emerging technologies next to forging and
extrusion are Equal Channel Angular Pressing (ECAP) and Accumulative Roll
Bonding (ARB).

Development of metal alloys is a well-advanced research area research interests in
metal matrix composites (MMCs) are increasing. MMCs have been produced by
several processes: casting, powder metallurgy and metal forming processes. One of
the potential compaction routes involving effective mixing of reinforcement
particulates with grain refinement is SPD. Initially, SPD was developed for aluminum
alloys. Today some processes are applicable also for MMCs. There are three basic
process of SPD: ECAP, High Pressure Torsion (HPT) and ARB.

Variations in SPD technologies developed have improved the effectiveness of grain
refinement, ability to process materials of higher strength or remaining the sample
integrity during the process. The main methods are ECAP with Parallel Channels,
Continuous-HPT and Repetitive Press Roll Bonding (RPRB).

Consolidation of powder materials by SPD is capable of generating increased
properties compared to standard SPD, as grain refinement is accompanied with
particle reinforcement. Some of SPD processes like ECAP and ARB have been
developed for industrial applications.

Heat treatment is often an essential step used with the SPD process to manipulate the
properties of materials, one of which is to improve formability. To improve the
mechanical properties by heat treatment using solid solution treatment (T6) normally
is applied to obtain higher mechanical properties. Nevertheless, still a large number of
passes of ECAP and cycles of ARB are required. To decrease the need for high
number of repetitions, a novel SPD process, such as RPRB, combined of pressing and
rolling, has evolved. Pressing process before rolling will provide higher bonding at
the interphase between the matrix and the reinforcement to produce increased
properties in fewer cycles.

The current research is focused on the use of SPD technology for composite materials.
Superior mechanical properties can be expected when combining metal materials,
such as aluminum with ceramic materials, for instance Al,O; nanofiber. Modern
transportation industry is continuously looking for materials with higher specific
strength and stiffness.



ABBREVIATIONS AND SYMBOLS

AA1070 - Aluminum alloys series 1070
AA6061 - Aluminum alloys series 6061
AA7075 - Aluminum alloys series 7075

ACE - Accumulative Continuous Extrusion
As-ECAP - Samples without heat treatment
AlPoCo - Aluminum Powder Company Ltd

ANF - Al,O3 nanofibers

APB - Accumulative Press Bonding
ARB - Accumulative Roll Bonding
C-HPT - Continuous High Pressure Torsion
CP - Cold Pressing

CR - Cold Regions

ECAE - Equal Channel Angular Extrusion

ECAP - Equal Channel Angular Pressing

ECAP-C - Equal Channel Angular Consolidation
ECAP-PC - Equal Parallel Channel Angular Pressing
ECAP-BP - Back Pressure Equal Channel Angular Pressing
ECAR - Equal Channel Angular Rolling

ECAT - Equal Channel Angular Torsion

FEM - Finite Element Methods

GP - Guinier Preston

HP - Hot Pressing

HPT - High Pressure Torsion

HR - Hot Regions

MMC - Metal Matrix Composites
MRAE - Multi Rolling Angular Extrusion
NP - Neutral Plane

O - Annealing

RPRB - Repetitive Press Roll Bonding
RPM - Rotation per Minute

RSS - Reversed Shear Spinning
SEM - Scanning Electron Microscope
SPD - Severe Plastic Deformation
T6 - Solid Solution Treatment
UFG - Ultrafine Grained

XRD - X ray Diffraction



ay - yield strength

O, - friction stress

- constant of yielding

d - grains size

d. - diameter of ECAP sample

£ - plastic strain

€eq - magnitude of effective strain (For ECAP)
- equivalent strain (For ARB)

y - pressure shear

k - the channel displacement
N - number of passes

n - number of cycles

t - the rolling time (steady)

de,q/ dt-the incremental equivalent strain
-de,,,/dt-the plane strain condition, equivalent strain

d yxy/dt -the incremental shear strain

5 - the shear stress

1% - the total shear strain

7] - angle of die

e - total reduction

t - thickness

to - initial thickness on the strips
wt% - weight fraction

e - strain

7 - the angle of intersection



INTRODUCTION

MMCs as a group of advanced materials that can lead to superior properties such as
light weight, high strength, low thermal expansion coefficient and high wear
resistance. The main reasons for using aluminum as the matrix are its high
malleability, ductility and formability. Several series of aluminum alloys (AA) that
have different properties for various applications have been developed [1-3].

Technologies of SPD, such as ECAP, HPT and ARB, have been used increasingly
also for the development of composite materials. Primary compaction of composite
powders can be done by ECAP by simple mixing of reinforcement particles with
matrix powders, applying these in cans and passing the cans through an ECAP die.
Ultrafine Grained (UFG) materials can be produced at full densification. Therefore,
grain miniaturization can be coupled by reinforcement from particulates for
mechanical property enhancement [4-7].

Standard ECAP dies produce billets through single abrupt angle with remaining
defects and distortions in both ends of the billet. In practice, this thrives to loss of
material and therefore to increased processing cost. An alternative procedure has been
developed in which ECAP uses two parallel channels. During the process of parallel
channels (ECAP-PC), two distinct shearing events take place during a single pass.
During the processes on ECAP-PC there is a considerable reduction in the number of
passes that is required for the formation of an ultrafine-grained structure at reduced
wastage of material [8-9].

ARB is a roll-bonding process that causes accumulatively intense plastic straining.
This results in ultra-fine grains and simultaneous inclusion of oxides from the surface
uniformly to disperse into a material [10]. ARB processes are suitable for mass
production also for aluminum composite materials, requiring up to 8-10 cycles in
order to receive UFG material. It will produce uniform microstructures that increase
mechanical properties. In this work, the author has made attempts to use the novel
process named RPRB, combining ARB with uniaxial pressing to reduce the number
of cycles to achieve an ultrafine structure.
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1. LITERATURE REVIEW

1.1 General overview

Manufacturing technology of metal alloys and aluminum matrix composites is
evolving from conventional technology to high pressure deformation. MMC with
discontinue shaped or fiber reinforcements offers discrete rigid ceramic
reinforcements embedded in ductile metal alloys. Commonly, the addition of fibers as
reinforcement increases the hardness and decreases the relative density [11-12].

SPD is a processing technique for alloys and composites with decreased grain size for
varying polycrystalline samples [13-15]. A number of SPD technologies have been
developed, ECAP and ARB being most well-known. Both of them are applied
industrially in different fields, as seen in Fig 1.1 [15]. Markets for nanostructured
materials by the SPD process exist in the sectors where superior properties, like
specific strength or increased fatigue life, are needed. Formal market analysis
specializing in nanostructured metals, conducted by company Metallicum, has found
more than 100 specific markets for nanometals in aerospace, transportation, medical
equipment, chemical processing, electronics and defense [16]. Some of the
applications that use SPD materials are aluminum based composites with high yield
strength and superplastic properties, higher mechanical properties in cold and
cryogenic temperatures and high-strength lightweight TiNi alloys with shape-memory
effect for space, medical and many other applications [15-16].

The development of ECAP has revealed some improved methodologies, such as Back
Pressure-ECAP and Parallel Channel-ECAP developed recently [17-18]. The result of
the development of ARB is the cross rolling to obtain more effective compression
during cycles. Also, the addition of pressing before the rolling process to obtain a
good bonding interface has been introduced. The SPD method enables basically
production of a material with UFG size below lum to improve the mechanical
properties. Different techniques and placement of SPD to illustrate the different grain
sizes resulting for each method are shown in Fig 1.2 [19].

Methods of SPD, such as ECAP and ARB and several other methods have been
designed specifically for certain applications with different characteristics [20]. They
are very diverse in deformation mode, which can range from pure shear to simple
shear as well as from monotonic to cyclic loads and cross loading. UFG with a fine
grain size will result in the higher properties [20-21]. SPD technologies are usually
applicable for mass production with variations of size of the billets. Only HPT is
limited to a small size [15-16].
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Figure 1.1 Application areas of ECAP and ARB: a) high strength thread out of SPD; b) plate
implants made of SPD nanostructure; c) engine block machine fabricated from nanostructured
AA1420; d) body of military helicopter from high strength materials; e) UFG Ti-6A41-4V super-
plasticity sheet materials for Models of hollow blades f) military device - amphibious assault
vehicle, courtesy of BAE Systems [15-16].
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Figure 1.2 Manufacturing methods of UFG materials regarding obtainable grain size range

[19].
1.2 Overview of the severe plastic deformation methods

Severe plastic deformation (SPD) is the process of forming considerable plastic strain
by applying high pressure to obtain bulk UFG materials [22-23].

Type of SPD Schematic Illustrations Plastic Strain values
Equal Channel 2
Angular Pressing e=n V3 cot(w)
(ECAP)
2
High Pressure Torsion _y() _2mr
(HPT) 5 A
Accumulative Roll { ' { 2 I to
Bonding €= nﬁ " (?)
(ARB)

Figure 1.3 Three types of the first SPD technologies developed.



SPD is able to produce high strength lightweight materials with superplastic
properties. SPD can introduce plastic strains higher than conventional processes, like
forging, rolling, extrusion and drawing [15]. Three primary types of SPD technologies
are ECAP, ARB and HPT, presented in Fig 1.3 with schematic illustration and the
plastic strain values. There are a number of basic processing parameters important for
the improvement of microstructure. Consideration is directed to features that
significantly derive from the microstructure produced by the SPD technique in single
crystalline, polycrystalline and MMCs [24-25].

1.3 Equal channel angular pressing (ECAP)

ECAP is a pressing process where compression and tensile forces are applied in
angular die. The grain size of the resulting material achieves sub-micrometer size,
which could produce unusual properties [24]. Application of pressure in ECAP
processes shear stress as well as the pure and simple shear of monotonic load to cyclic
loading and cross in the mold [17-19]. An advantage of ECAP compared to
conventional metal working processes, like forging or extrusion, is the ability to
achieve a high strain without dimensional changes of samples [26].

Principles of ECAP processing
Processing regimes of ECAP have been determined for most of metal alloys, but

studies for compaction of MMC powders are still rare. Samples for ECAP are
commonly in the form of bars or rods, the process can be applied also to plate
samples. Figure 1.4 shows a schematic model of the ECAP procedure. ECAP die has
a channel that is bent under corner, most commonly through 90°, as in Fig 1.5. The
rod moves through the dies. The dimensions of the sample before and after pressing
are unchanged and therefore allow unlimited number of passes to further refine the
grains [23, 26-27].
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~ &

pressed sample

Figure 1.4 Schematic models of a typical ECAP dies facility: the X, Y and Z planes to
determine the best direction transverse or longitudinal to determine changes in the
microstructure [27].

The force exerted when deformation working is a simple shear as operational
pressure, shear stress field can be illustrated by the trajectory; x, y and z, as in Fig.
1.4. Angle of the die is 90°, in the field of sliding in Fig 1.5, visible changes shown
are in the number 1 to 2, which theoretically indicates a shift of material atoms that
can improve mechanical properties [28].

Figure 1.5 The principle of ECAP that explains the shearing plane on the ECAP die: 1) the

change in direction of the force of the compression pressure; 2) with a shift angle 45° toward
tensile stress [24].
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To produce variable mechanical properties and grain distribution, different ECAP
routes are used. The route of ECAP processing is distinguished by turning the samples
under predefined angle between the passes, usually 90° and 180°, depending on the
microstructures desired by ECAP [24]. The four regimes of ECAP processing routes
are shown in Fig. 1.6. Route A is free from the rotation. During the route Ba, the
sample is turned alternately with the reverse direction and under the angle of 90°. In
route Bc, the rotation on the routes samples is conducted without reversing the
direction of pressing, by consecutive passes under 90° between each pass. In route C,
the sample is rotated by 180° between the passes. Combinations of these routes are
allowed as well, for example, combining Bc and C of routes by alternating rotations
through 90° and 180° after a couple of passes in the regime of ECAP [23-24].

Route A

N

N

Route B
£

Route By,
Q

\

W

Figure 1.6 Four fundamental ECAP processing routes [24].

ECAP Consolidation

ECAP Technology is generally applied to solid objects such as in the form of
bars or cylinders, but ECAP can be applied also for consolidation of powder.
Important differences of pressing of powders are cracks that evolve more easily on the
surface. In order to avoid cracking during consolidation, powder is put in a tight outer
jacket, as shown in Fig 1.7. Results of previous research [23] have produced flawless
materials, normally by use of heating during pressing. This means that compaction of
alloy powders is possible by wrapping the powder and heating the die [4, 24].
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Electric-
1

Figure 1.7 The ECAP consolidations of powder materials of powder: powder sample is
wrapped to avoid defects when pressed [24].

Evolution microstructure during ECAP

Pressing by ECAP introduces simple shear on the material through the dies of
channel maximizing the strain [23]. The strain magnitude obtained with 1 pass is a
main advantage of this method. Shear stress occurs in the same plane during the
process of continuously passed ECAP regimes, after reaching the intersection angle of
ECAP die, so sliding direction turned around as assembled in Fig. 1.5 after a uniform
strain distribution, the amount of shear (y) can be calculated by assuming friction
condition [28-29].

y=2 cot[@j + 1 cos ec(@j (1.1)

Effective strain (g) is calculated, which is the result of ECAP after N passed, given by
the following relationship:

€eq = 3% [Zcot ((‘Zﬂ) + 1 cosh (@)] (1.2)

Equation (1.2) describes effective strain on the ECAP sample during the whole
process.

Internal pressure of ECAP in the die walls able to promote on the slip plane, after
the pressure reaches the bend angle, the materials are strained. In this condition,

17



dislocation builds up and grain size is eventually reduced. This refinement mechanism
is dislocation in the form of twinning (Fig. 1.8). Twinning mechanism works at low
temperatures, with a temperature decrease, so the slip atomic zone increases sharply.
This makes the grain to be finer, up to UFG with a required number of passes [30-31].

—0
Unit Cell /

L
/4
a R 4 ,’
- ~ Main Shear Plane

Main Slip Plane / Py < 7 % e

Second Activated
Gliding

77/ Second Activated
7 Slip Systems

Figure 1.8 Schematic representation of microstructure evolution passed of the ECAP process:
(a) the coarse grains before going through angle; (b) the movement of dislocations due to the
narrowing of pressure, (c) gliding slip planes resulting in dislocation walls turned into motion
twinning; (d) movement of secondary slip and micro bands [31].

1.4  Equal parallel channel angular pressing (ECAP-PC)

Consolidation during ECAP has evolved to using a facility which contains
two parallel channels, namely ECAP-PC. A schematic model of die ECAP-PC is
shown in Fig. 1.9, where ¢ is the intersection of parallel channels and K is the
displacement of the channel. During ECAP-PC, two major events take place, for the
movement of grains between the two channels there is a significant reduction in the
number of passes that can produce UFG materials. The values for the displacement
between the two channels, K, and the angle of intersection of the channels, ¢, are the
main parameters of the die geometry that must be considered [30].
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Figure 1.9 Schematic illustrations of ECAP-PC. N is the shear of direction, K constitutes
displacement of two channels, ¢ represents the angle of intersection among two parts by the

internal channel, shaded areas showing the shearing of the sample traverses on the shearing
zone [30].

ECAP-PC process was developed to reduce the restrictions of conventional ECAP.
It has been established that the optimal values of processing parameters, leading to the
largest strain homogeneity in the cross-section of the pressed billet, are ¢ = 100° and a
displacement value of K =~ d., where d. is the diameter of the channel. This could
mean that the condition is achieved when the displacement between the two channels,
the accumulated strain of the pass equals 2 times of the conventional ECAP [30-34].
Pressing process of ECAP-PC is shown in Fig. 1.10.

Pressing

Paralel

Sample Out

Figure 1.10 Representative scheme of ECAP-PC: (a) Pressing process on the deformation
zone, (b) sample after pressing.
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Effect of pressing during ECAP-PC

Based on the FEM investigation, the angle affects strongly the success of the
ECAP-PC [35]. With the variation in the die channel angle and channel displacement
the effective strain can be plotted under different conditions of displacement as seen
in Fig. 1.11. Uniform pressure is generated from the angle of 120°, resulting from the
effect of friction which is small, in some cases, when the pressing reaches the die
angle, there will be a reduction in the channel length, and as a result, it will provide an
effective strain. Decreasing the channel angle from 120° to 75° reduces the strain from
2.36 to 1.27. At lower effective strain 120° 1=2d and the highest effective strain is
correlated to 75°, 1=d. However, this angle resulted in defects at some point when the
sample was processed in cold conditions [35-37].

Figure 1.11 Difference of channel cross-section of a parallel channel to the process of
pressing effect, respectively - each corner produces characteristic differences of properties

[35].
—_—75.d4
—175,1.54
—75,24
—90.d
——90,1.54
~——90,2d
- 105,4

Effective strain

—103,1.54

~105,2d

—1204
0.5 —12015
— 12024

o 1 2 3 4 S 6 7 3
Distance from bottom surface of the sample, mm

Figure 1.12 Influence sections of displacement channels on the effective strain at one pass on
ECAP-PC, adapted from [36].
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The relationship between the angles of channels against the effective strains for the
channel displacement of 1>1.5d produces uniform strain, irrespective of the die angle,
as shown in Fig. 1.12.

30 ¢
24
~——K=50,n=0.12
i ~——K=50,n=0.16
~——K=50,n=0.20
—K=50,n=0.24

——K=150,n=0.12
~—K=250,n=0.12
~—K=350,n=0.12

Pressing pressure (KN)
~ o

0 20 40 60
Punch displacement (mm)

Figure 1.13 Diagram of magnitude of compressive pressure versus strain hardening exponent
values [36].

Prediction of strain hardening and strength to generate value on the flow stress in
ECAP consolidation and parallel channel has been studied in [35-38]. The first shift
of pressing depends on the calibration of machine pressing, for example, strength
magnitude remains constant at 50 MPa (as initial step pressing), every point on the
pressing resulted in increased strain hardening. The resulting strain hardening
exponents are: 0.12: 0.16: 0.2 and 0.24, which correlated with the magnitude of
pressure. Figure 1.13 shows the relationship between the extents of compressive
force during ECAP-PC to the value of the resulting strain hardening coefficient. The
movement of the sample from the initial setting to the end is accompanied by the
increase in strain value. Before reaching the second bend, a decline in the force was
around 88%. When the magnitude of the strength decreases further from 350 MPa to
50 MPa as the first setting of the machine, as shown in Fig. 1.13, resulting from the
strain hardening exponent (n=0.12), after the second corner, the cross section was
reduced to 87% [35-36]. It can be assumed that if a copper capsule is used when
consolidating composite powders, it does not impede the flow stress by twinning
deformation, thus, the dislocation movement will able to provide a more optimal flow
stress.
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1.5 Accumulative roll bonding (ARB)

ARB is a type of the SPD process where rolling a stacked sheet material is
used to decrease the grain size. Generally, nanometer sub-micron or nanometer grains
have higher strength than conventional materials that have grain sizes larger than a
few tens of micrometers [39-40]. Stages of the ARB process are: cutting according to
the size and capacity of the roll machine, stacking and rolling for several cycles. As
compared to other SPD processes, ARB has the advantages, such as considerable
force by capacity forming and the process itself is simple. Also, dies are not needed in
the processes, therefore it has the ability for enormous productivity in mass numbers.
The process is shown in Fig. 1.14. This process can be recommended for commercial
and industrial applications [39-41].

[ surface treatment ] B T —— U

Dogreasing,E : ﬂ —

E‘JVM'O brushing

| +
M N
Stacking
e [ — r—_— 3 s
Heating ¢
-+

Figure 1.14 Stages of ARB process [40].

Formability of ARB

In order to create formability, the stages of the process must be done well.
Temperature, speed rolling, work-piece thickness, roll diameter, which influence the
process parameters, affect formability. Speed of rolling at high temperatures promote
the strength of the bond between the layer material and will cause strain hardening.
During deformation, temperatures and strain control the work process [42-44].
Formability is the most critical success factor material to be processed [42].
Temperature increases the formability, the use of temperature varies depending on the
type of material or matrix used, and however, mainly the recrystallization temperature
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is used. Use of temperature 100-450 °C is the upper limit for recrystallization for
aluminum alloys, good for bonding and workability but leads to cancellation of strain
accumulation. To produce good formability during the ARB process, to obtain high
strain rate sensitivity, temperatures in the range of 300-350 °C must be used [45-46].

Interphase mechanism of ARB process

The formation of a bond interface is affected by the roll bonding process that
results in cold welding, thus forming a bond between the metal layers participating.
Sufficient compression to the appropriate temperature affect bond strength, which is
able to improve mechanical properties. Consequently, strong welding between the
layers becomes a benchmark for the strength of materials bonding [47].
Recrystallization temperature helps the formation of a material bond by the diffusion
processes. The diffusion bonding will make the plate attachment firm. Bonding
mechanism is shown at Fig. 1.15. There are stages of the formation of the bond
between the plates that coupled during ARB. The brushing of the surface increases the
total surface area, so that a stronger bond is formed between the two sheets [48].

e Plane at rm— Approximate j-
entry position on

// neutral plane

T——
S Bond
:\_. E‘Eﬁ 5 B =

o, T

Figure 1.15 Bonding mechanisms during the ARB process at first cycle [48].

Evolution of microstructure during the ARB process

It was reported that during the ARB process shear strains build up excessively by
friction between roll and sheets which improves the grain refinement [48]. There are
two conditions in the process - if the samples are without lubrication, then the grains
structure has parabolic profile in the thickness of the strips. This indicates that the
highest level of compression has been achieved during the first cycle, which results in
the formation of a single parabola distribution excessive in shear strain, thus
indicating the peak shear strain on both surfaces. If samples are lubricated, it will
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change the dependence on the position in the thickness of the couple of sheets and
produce a short parabolic movement, as shown in Fig. 1.16 [49].

surtace

center

surtace i _
T e T

Rolling direction - | mm
(a) (b)

Figure 1.16 Embedded pin method of flection of wire in the couple of sheet after the rolling
process: (a) sample without lubrication; (b) sample with lubrication [49].

Rolling process parameters affect the performance characteristics of the ARB:
pressing rolls are the most important in parameter processes; furthermore, several
process variables, such as up-down of roll diameter, materials reduction, velocity of
roll, friction and metal flow conditions, affect the success of metal processing by
ARB. The relationship is qualitatively equivalent to the shear deformation of the
micro strain through the thickness of the sheet in the method of pin embedded, as
shown in Fig. 1.16. It is commonly used to predict shear strain through the thickness
of the experimental, the magnitude of shear strain and equivalent strain obtained in
this method are a prediction. Therefore, to control the micro level, it is important to
measure the deformation behavior on the sheet accurately and quantitatively through a
combination of experimental rolling and finite element simulation. Shear strains are
caused not only by the friction with the roll, but also by the surface texture and the
diameter of the rolls. Variable Ld/td, Ld indicates the zone of the contact arc
projection of horizontal plane, and td is the result of thickness of the sheet, shown in
Fig. 1.17. The ratio Ld/td predicts the distribution of strain in the various friction
conditions. Thus, it can be used to understand the deformation behavior, for example
using methods of embedded pin on the ARB experiment with respect to some variable
related [49-50].
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Figure 1.17 The geometry of the ARB process [49].

Grain size distribution, a reversal form of a parabolic shape in profile shear strain,
caused a decrease of the width of grain in the central area of the sample cycles and
UFG structure occurred in the area below the surface. For cutting, stacking and
bonding rolls procedure, which severely sheared the layer on the first cycle that comes
in the second cycle towards the middle layer thickness leads to a double parabolic
curve. Then a set of coils was fixed in UFG in the center of the strip samples [50].
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1 cycle

2 cycles

Figure 1.18 Schematic illustration of microstructure evolution: a - shear strain condition,
b - strips during ARB process [50].

The friction between the roll and the surface of the material causes shear strain due
to the contact zone and roll geometry, reduction of rolled is 50% with and without
lubrication. When the roll contact dimension on strain action is not symmetrical, it
will result in the non-appropriate roll bite geometry. It is a result of un-lubrication,
otherwise by the lubrication process, the embedded-pin is less powerful, as shown in
Fig. 1.16. Additional cycles on the ARB processes will produce elongated equiaxial
grains resulting from strain hardening, as shown in Fig. 1.18. Each cycle then
clongates the grains, which increases the hardness. Microstructure evolution during
the ARB process and the processes in the interface bonding are the most important
factors that determine the mechanical performance of the processed material [51-52].

Distribution of strains during the ARB process

The finite element method (FEM) was used to predict the strain and stress field
during processing. The variables 7 as initial thickness and / as length will be defined
according to FEM analysis. Frictional condition among the speed of the roll sheets is
expressed as Tr = p p, where ¢ is the shear stress, p is the coefficient of friction and
P is the pressure rolling. The Coulomb law for friction condition of pull sheets in the
roll bite process sheets is referred to by u > tan o, as illustrated in the schematic of
ARB variables in Fig. 1.17.
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Von Misses is a classical plasticity theory, which is often called isotropic Plastic
Hardening, reveals &, an equivalent strain imposed by rolling that is defined below:

t(steady) de
Eeq = J, —de (1.3)

To search for the incremental shear strain, the additional strain in the x direction can
be found with the following equation, where: de,,/ dt is the stages of equivalent

strain, ¢ (steady state) is the time of rolling, strain in the x direction, de,, / dt.

deeg _ 2 [(dexx\? | 1(Vay)?

dt _ﬁ\/(dt) +4(dt) (1.4)
In eq. (1.5), dyx/dt is the gradual shear strain caused by the direction of shear
stress 75. This equation defines the total shear strain as illustrated in Fig 1.17.

__ (t(NP) dyxy t(steady) |AVxy
- fO dt dt + ft(NP) dt

dt (1.5)

The first condition is the positive shear strain which is induced by the shear stress, 7¢.
The second condition is the negative shear strain y, which represents the total
magnitude of the shear strain yyy, this case regards deformation during ARB, during
which dyy, /dt=0 and dé,, are both constant during the processes [49].

It is assumed that with increased number of ARB process cycles, the bonding of
the layers could become unstable. This instability can be caused by a dispersion of the
reinforcements from surface area toward the interior of the composite, therefore
buildup of strains during the processing and material becoming brittle [49-53].

1.6  Latest developments in SPD

During the last 15 years, the SPD methods have been developed rapidly. New
methods simplify the process or enable producing materials with superior properties.
Some examples of new developments in new SPD methods are presented in Fig 1.21.
Development of new SPD methods is driven by the requirement of simplifying the
process, so that it can be applied for mass production.
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Accumulative Northeastern University Shenyang,
Continuous CHINA (2015)
Extrusion

Repetitive Tallinn University of Technology,
Press-Roll ESTONIA [this work]
Bonding (2016)

PRESS ROLL BONDING OF SAMPLE

=

NEXT CYCLE OF ROLL

Figure 1.21 Schematic representations of new methods of the SPD process.

In 2001, the Equal Channel Angular Rolling (ECAR) was developed, in 2005,
two processes were renewed; Multi Rolling Angular Extrusion (MRAE) and Reversed
Shear Spinning (RSS). In 2008 - 2010 Equal Channel Angular Torsion (ECAT) and
Continuous-HPT were added [54-56] and in 2013, Accumulative Press Bonding
(APB) [57] was created. The APB process requires 10-16 cycles to produce high
mechanical properties. In 2015, new process named Accumulative Continuous
Extrusion was developed [58] and in 2016, RPRB process was reported that combines
uniaxial press and ARB processes. The pressing is performed without lubrication
using a hydraulic or pneumatic machine.

1.7 Heat treatment of aluminum alloys

Precipitation strengthening of solid solution occurs due to the process of fine
grained dispersed precipitates during aging, it can happen on two conditions: artificial
aging (AA) and natural aging (NA). Super saturation zone formation will be faster in
the presence of diffusion in the deposition conditions, the diffusion coefficient of
equilibrium will result in the first saturated solid solution which is a cluster of solute,
followed by the establishment of the transitional non-equilibrium deposition [59].
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Figure 1.22 Binary phase diagram (up to 12 % Cu) and temperature ranges for heat treatment
at 5.65 wt % Cu [59].

The temperature ranges for precipitation in aluminum-copper alloys are
schematically shown in Fig. 1.22, illustrating the required solubility-temperature
relationship needed in precipitation strengthening. It shows the temperature ranges
required for solution treatment and subsequent precipitate hardening in the aluminum-
copper system. The equilibrium of solid solubility for Al-Cu as temperature increases
from about 0.20% at 250 °C to a maximum of 5.65% at the eutectic melting
temperature of 548 °C. (It is considerably lower than 0.20% at temperatures below
250 °C) for aluminum copper alloys containing from 0.2 to 5.6% Cu, two distinct
equilibrium solid states are possible. At temperatures above the lower curve in Fig.
1.23 (solvus), copper will be soluble, when the alloy at this temperature has enough
time to diffuse the copper fully into the solution. At temperatures below the solvus, at
the equilibrium condition, there are two solid phases: solid solution, o, an
intermetallic-compound Al,Cu as phase 6 [59].
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Figure 1.23 Function of temperature for the solubility equilibrium: (a) Mg,Si in Al-Alloys with
Mg-Si ratio of 1.73 to 1, (b) Mg and Si in solid condition when both Mg,Si [59].

Some commercial alloys can be improved by the heating of several series of
Aluminum, such as; 2xxx, 6xxx, and 7xxx as wrought alloys (except 7072) and 2xx.0,
3xx.0, and 7xx.0 series casting alloys, between other elements like Cu or Cu and Si as
the primary strengthening alloy addition. In the heat treatable alloys, there are
combinations with such elements as: Cu, Si and Zn, some Mg with other elements
capable of accelerating precipitation hardening, 6 XXX series alloys containing Si and
Mg (MgSi). AA2xxx and 7XXX is the strongest, but AA6XXX has the best
formability among others, enabling the application of the manufacturing series 6 that
is widely used [59]. Aluminum alloy 6061 is widely used for structural applications,
also in the automotive industry [60-61]. AA7075 is a precipitation hardened alloy,
widely used in the aerospace and automobile industries. Still, AA7075 has limited
formability. It is conventionally produced by forging at elevated temperatures [62-63].

Strengthening mechanism of aluminum composite by the SPD process

An aluminum based composite was developed to substitute materials for steel and
cast iron. Alumina is considered as reinforcement suitable for aluminum as a matrix
due to its availability and low cost compared to other ceramic materials, such as; SiC,
ZrC, TiB,, and carbon. Besides that, the hardness of composites containing Al,Os is
higher than other reinforcements. In the composite material Al,O; as reinforcement it
can inhibit grain growth also to increase the hardness although it reduces
densification. Based on this phenomenon, the SPD is suitable for the fabrication
process of composite Al/Al,O; for bars or powder based composite materials, process
by ECAP [23-24] and form of the sheet process by ARB [10]. Fine grain size will
affect the evolution of the microstructure, which will improve the mechanical
properties, so that the value of shear strain will also increase. The processing
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parameters of ECAP have the specific features to enable formation of the work-piece
rod or powder for ARB application on the sheets, as in Fig. 1.24; process of ECAP
and ARB will result in high strains for metal caused UFG [64]. The grain size affects
the mechanical behavior for materials design that has superior mechanical properties
enabling control of the grain size; furthermore, the grain refinement is the method for
improvement of mechanical properties: strength and hardness without sacrifice of
ductility and flow properties [65-70]. This condition can be expressed with the
formula of Hall-Petch where the smaller the particle, the higher strength:

o, = 0, +k,.d/? (1.6)

Where grain size is d, o, is yield strength, o, represents friction stress and k,, is a

constant. Decreasing the grain size increases the strength of materials. This has
attracted interest among scientists and industry to pursue the SPD processes.
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Figure 1.24 Processing parameter domains for ARB and ECAP [60].

To refine grain size of commercial alloys, thermo-mechanical treatment is necessary.
The applied temperature must be sufficient to provide formability, but must be kept
below crystallization temperature to inhibit grain growth due to diffusion [24, 71].

1.8 Main objectives of the thesis

A motivation of this study was limited development of the SPD methods to
consolidate MMCs. Almost all of the regimes and rules of the SPD process, such as
ECAP and ARB, are applied for metal alloys. Determination of consolidation of
aluminum alloys powder as the composite matrix is an important variable to consider
first, before the development of the technological routes for MMCs. Heat treatment
regimes cannot be derived from those of standard aluminum alloys, as an additional
mechanism to grain size, the overall mechanical properties will affect. The
dependence of mechanical properties (strength and ductility) on simultaneous effect
from grain growth and formation of dispersoids must be ascertained. The help of FEM
will simplify the determination of the phenomenon in the SPD process, such as the
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effect of temperature of pressing, which contributes to the formation of fine grains
during SPD processes.

Another important goal of this research is to produce a composite material where
ceramic nanofibers are aligned in aluminum matrix by SPD processes. ECAP and
ARB are among SPD technologies that are more applicable, therefore study will focus
on development of these.

The weakness of the ECAP and ARB is the long processing time due to a large
number of passes needed to produce optimal properties; therefore the novel process of
RPRB will be presented, overcoming this weakness.

The main objectives of the research are:

To develop the most applicable SPD processes and parameters to effectively
compact aluminum alloy powders and ceramic MMCs reinforced by 2D
nanostructures;

To assess the microstructure-property relationships for MMCs reinforced with
aligned ceramic nanofibers;

To develop SPD methods to reduce cycle times when compacting MMCs.
Material yield, sample integrity and processing time are under study for a
possibility of industrialisation

The main activities in this research are:

To identify the processing characteristics of AA1070, AA6061 and AA7075
by the ECAP compaction process to obtain baseline matrix for the
composites;

To produce aluminum composite materials with Al,O; nanofibers as
reinforcement using SPD methods;

To develop RPRB as a novel process to decrease the number of cycles.
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2. EXPERIMENTAL PROCEDURES AND MATERIALS
2.1 Materials

2.1.1 Materials for ECAP and ECAP-PC

The materials used as matrix were AA1070, AA6061, AA7075 powders with particle
size 70-100 pm, received from Aluminum Powder Company Ltd. The alumina
nanofibers (y-ANF) had particle size in the range of 7 nm and length of about 50 mm.
The nanofibers were aligned in blocks with dimensions of about 100x100x50 mm.

Table 2.1 The chemical composition of aluminum alloys, wt.%

Al Al Si Fe Cu Ti Cr Zn Mn Mg V
alloys
AA1070 99.7 020 0.25 0.04 0.03 - 0.04 0.03 0.03 0.05

AA6061 97.13 076 0.7 022 0.1 0.07 0.06 0.04 0.92 -
AA7075 89.76 0.052 0.19 1.59 0.025 0.19 5.68 0.007 2.51 -

2.1.2 Materials for ARB and RPRB

AA1070 (sheet size 50 x 400 mm and thickness of 3 mm) and AA7075 (sheet size 50
x 270 mm with a thickness of 14 mm) were used as the matrix starting material. As
the reinforcement 0.4 wt. % ANF were added, cut out as thin sheets from the blocks,
perpendicularly to the length of the fibers.

2.2 Ball milling process of aluminum powder based composite

Aluminum alloy powders and ANF mixture were mechanically mixed by wet ball
milling in a tumbling mill. The amount of ANF in the aluminum alloy (1070 and
6061) matrix was 3 wt. %. Milling was performed in ethanol at 60 rpm for 24 hours.
Ball to powder ratio 1:10 was used in 500 ml hard-metal lined vessel.

Mixing powdered matrix and reinforcement are a critical step in order to achieve
homogeneous distribution of reinforcements throughout of the composite material
[70-72]. The horizontal ball mill, as shown in Fig 2.1, can produce moderate
quantities of material in moderate milling times.
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Scheme of steel ball mill

Al a]loy and ANF

Figure 2.1 Device of horizontal ball mill process.

2.3 ECAP methods and processes

Aluminum alloy powder was wrapped in a copper sheet and heated in a
resistance furnace at 400 °C with a holding time of one hour. The samples were
pressed on one pass, the range of pressing 400-500 MPa at the rate of Smm/s on
16x16 mm square through the corner of the dies 90° whereas graphite was used as
lubrication.

For parallel channel-ECAP, two shearing events occur, sample sliding in two
subsequent deformation zones. The value of the displacement between the two
parallel channels, deformed zone, and the corner of the intersection of two channels,
are the main parameters of die geometry which affect both the pattern of flow and
strain-stress state during the ECAP-PC process.

Description of the process is presented in Fig. 2.2.
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Figure 2.2 Machine and tools for ECAP.

2.4 Heat treatment

Aluminum alloy 6061

Heat treatment was performed to find its influence on the highly strained UFG alloys
and composites. Annealing of AA6061 was conducted by heating the sample up to
415 °C and holding for 2.5 hours. Then the temperature was lowered to 177 °C and
held for 8 hours. Solution heat treatment (T6) was performed by first holding at 530
°C for 1 hour, quenching and then holding at the temperature of 100 °C for 1 day, as
shown in Fig 2.3.

600 Solution treatment
530-C, 60 minute
Annealing
_ """ 415%C, 150 mirwstes

400

Heating

200 1 177 *C, 480 minutes

Heating
100 °C | 1560 manute

S \-:=> N

0 120 240 350 480 S00 70 960 1080 1200 1320 1440 1560 1580

Temperature {*C)

Time [Minutes)

Figure 2.3 Diagrams of heat treatment for AA6061: (a) annealing-(O); (b) solid solution
treatment (quenching + artificial aging)-(T6).
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Aluminum alloy 7075

Annealing of AA7075 was conducted by heating the sample up to a temperature of
415 °C and holding for 2 hours. Then the temperature was lowered to 230 °C and held
for 4 hours. T6 heat treatment was done first by solution heat treatment at 500 °C for 1
hour, quenching and then holding at the temperature of 120 °C, as shown in Fig 2.4.

Solution treatment

1 600 ; 500°C, 60 min  Anealing

g 230°C, 240 min

8]

o e Heating

g » 415°C, 120 min Heang
é 120°C, 1440 min

(=)

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560
Tme/'minute
Figure 2.4 Diagrams of heat treatment for AA7075: (a) Annealing-(0),; (b) Solid solution
treatment (Quenching + artificial ageing)-(T6).

2.5 Accumulative roll bonding (ARB) process

The ARB process was carried out with no lubrication, using a rolling mill with a
loading capacity of 60 tons and rotation speed of 50 rpm. Reduction of 50 % during
each pass was used. After the first rolling, the bonded strips were cut in half and
heated above the recrystallization temperature at 450 °C. The process is shown in Fig.
2.5. For roll bonding of AA1070 laboratory rolling mill with a diameter of 150 mm
was used; the length of the roll being 180 mm.

Alminum Al 7xxx

ALOj; nanofiber

Alminum

Roll bonding process

Figure 2.5 ARB Process
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2.6 Repetitive press roll bonding (RPRB) process

By RPRB process, pressing in open die was added to the standard ARB, prior rolling
cycle, as shown in Fig. 2.6. The first uniaxial-pressing was carried out with no
lubrication, using a 500 ton hydraulic press. The pressing was stopped when 50% of
the reduction was achieved. Thereafter, the bonded strips were heated at the
recrystallization temperature at 400 °C for holding time of 1 hour. During the second
step, 50% of the reduction by rolling was performed on strips preheated to the
temperature of 350 °C.

Base Material

The First Process

Uniaxial pressing

s
Roll Bonding

Figure 2.6 RPRB process.

2.7 Study of microstructure and properties

Microstructure was studied by means of Scanning Electron Microscopy (SEM) using
microscopes JSM-6510LA by JEOL and TM-1000 by Hitachi. Image-J software was
used for quantitative microstructure analysis. X-ray Diffraction (XRD) measurements
were performed by Zeiss EVO MAILO to determine phase composition of the
composites. Hardness of the compacted alloys and composites was measured by the
Vickers Hardness method (HV10). Servo-hydraulic testing machine Instron 8516 was
used for quasistatic compressive strength tests, measured on cylindrical ECAP and
PC-ECAP specimens. Tensile testing measurements were performed for ARB and
RPRB samples. To explore the variable effect of pressure and temperature distribution
on the materials during the processing, Finite Element Methods (FEM) analysis was
used with R14.5 ANSYS software.
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3. RESULTS AND DISCUSSION
3.1 Aluminum Alloys by ECAP Consolidation
3.1.1 Microstructure

Heat treatment was performed on ECAP consolidated aluminum alloys. To improve
the ductility, annealing process (O) was used. To study the effect of grain growth and
formation of precipitates, solid solution (T6) was applied. As it follows from the
microstructure, matrix phase aluminum grains are distributed between Mg,Si
precipitates (see Fig 3.1(a)). After ECAP processing (without heat treatment), the
aluminum alloy 6061 has a grain of 0.19 pm. Ferrasse, et al. [73] produced UFG 6061
alloy by using ECAP as post processing of AA 6061 billet, reaching an average grain
size down to 0.2 pm. Figure 3.1 (b) shows the distribution of Mg,Si after annealing.
Average grain size reaches 8.9 um with the formation of grains and precipitation
located at grain boundaries. Rao [74] showed the annealing at high temperatures
resulting in precipitation which will stabilize the microstructure. The microstructure
after solid solution treatment of AA6061 is shown in Fig 3.1 (¢). Matrix grains have
an average particle size of 1.3 um.
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BES 20kV WD11mm SS71 65Pa x1,000 e— 10um
Al 6061 Anil 0001 25 Sep 2013

Figure 3.1 Microstructures of AA46061 by ECAP Consolidation: (a) AA6061 as ECAP without
heat treatment; (b) AA6061 Annealed (O),; (c) AA6061after solid solution treatment (T6).

Heating to 530 °C dissolves all precipitates. Precipitation of the second phase has a
significant influence on microstructural stability by pinning and also impeding the
grain boundary motion. The presence of the second phase particles in a solution heat
treated alloy shows increased thermal stability to UFG produced by ECAP
consolidation. This can be caused by the presence of the second phase precipitates and
also by oxygen inclusion, mixed into the material from native oxygen layer from the
surface of the compacted particles.
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Figure 3.2 Microstructures of AA7075 by ECAP Consolidation: (a) AA7075 as ECAP without
heat treatment; (b) AA7075 Annealed (O),; (c) AA7075 Solid solution treatment (T6).

After annealing of AA7075, some segregation of the precipitates can be observed,
which is accompanied by grain coarsening. This result is in accordance with [75-76],
where the formation of large grains after over aging treatment is shown. These were
clongated and flattened parallel to the rolling direction. Solution heat treatment with
artificial aging (T6) leads to evenly distributed fine precipitates. Consolidated
AA7075 has an average grain size of 0.75 pum. After annealing, the grain size
increases up to 4.6 um. Artificial aging yielded grain size of 4.4 um. Annealing and
solid solution eliminate micro-segregation of MgZn,, therefore the precipitate phase
uniformly distributes in the aluminum matrix. Figure 3.2 shows micro segregation
spreading evenly among the AA7075 matrix. This phenomenon results in grain
coarsening and therefore decreases in hardness.

To investigate precipitation formation in AA6061 and AA7075, an XRD test was
used. Formation of Mg,Si precipitate in AA6061 occurred after solutionizing and
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artificial aging, as evidenced in Fig 3.3 (a). The identified peaks for MgZn,
precipitates in AA7075 can be seen in Fig 3.3 (b). Precipitation of MgZn, in AA7075
yields the highest mechanical properties among the existing aluminum alloys but has
a limitation of formability due to the nature of micro-segregation.
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Figure 3.3 XRD results for precipitation of aluminum alloys: (a) Mg,Si precipitated as the
second phase of AA6061; (b) MgZn; precipitated as the second phase of AA7075.

ECAP consolidation is performed to determine the behavior of each alloy for further
use of these with Al,Os; nanofibers as reinforcement. In continuation, AA6061 is
consolidated by the process of Equal Parallel Channel Angular Pressing and AA7075
is used as a matrix in the Accumulative Roll Bonding process. Based on the literature,
aluminum alloys (AA6061 and AA7075) are both suitable for application as a matrix
phase in metal matrix composites.

3.1.2 Mechanical Properties

Hardness of ECAP consolidated materials is presented in Table 3.1. The hardnesses of
as consolidated samples are 141 HV10 and 121 HVI10 for 6061 and 7075,
respectively. Simultaneous to densification, ECAP consolidation produces fine grains,
increasing the hardness of the alloys. Simple shear during ECAP will result in high
internal stresses so that grains are fragmented and distorted. Increase in hardness is
directly proportional with compressive strength, shown in Figs. 3.4 and 3.5,
compressive strength of 250 MPa and 395 MPa were measured for alloys 6061 and
7075, respectively. Annealing process improves ductility, but decreases drastically the
hardness and compressive strength, and can be directly linked to grain coarsening.
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The average grain size of AA6061 is 8.9 um and grain size of AA7075 is 4.6 um.
Annealing yields in grain coarsening due to the diffusion processes. Solid solution
treatment (T6) improves hardness and compressive strength. Hardness after T6
thermal treatment is 128 HV10 for 6061 and 105 HV10 for 7075. Compressive
strengths of the materials are accordingly 225 MPa and 283 MPa. During T6 heat
treatment, grain coarsening is levelled by the formation of fine precipitates, therefore
producing increased mechanical properties. When compared to as compacted
materials (ECAP without heat treatment), for alloy 7075, the ductility of the samples
is increased. This indicates a possibility of effective use of ECAP consolidation also
for aluminum alloys difficult to form if optimized post processing is used [77-79]. By
annealing, recovery and recrystallization occurs, resulting in grain coarsening and
aluminum becoming ductile. Solid solution T6 heat treatment increases the strength of
the alloys, which is related to a finer structure and formation of precipitates.

Table 3.1 Mechanical properties of ECAP consolidated alloys

Alloy and Heat Hardness C(;Iz.gifgstive Deformation  Grain Size
0,
Treatment HV10 (MPa) (%) (pm)
AA6061-ECAP 14145 250 25 0.1
AA6061-0O 88+1 97 45 8.9
AA6061-T6 12843 225 29 1.3
AAT075-ECAP 121+4 395 2.5 0.7
AA7075-0 99+2 226 14 4.6
AA7075-T6 105+4 283 18 4.4
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Figure 3.4 Mechanical properties of ECAP consolidated and heat treated AA6061.
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Figure 3.5 Mechanical properties of ECAP consolidated and heat treated AA7075.
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3.2 Aluminum based composite by ECAP-PC consolidation

3.2.1 Microstructure

Cold pressing of aluminum alloys and composites by Parallel Channel-ECAP
is expected to enhance formability and decrease waste when a high number of passes
is used. Referring to [80], the process of consolidation at room temperature is
preferred because of no need for extra step of preheating and higher effectiveness for
grain refinement. However, as Fig. 3.6 (a) and (b) show, during cold pressing of
AA1070 and AA6061 insufficient consolidation has appeared. Figure 3.7 shows that
the distribution of stress is uniform: there is no heat flow on the samples, strain
accumulation occurs along the copper capsule and dies interphase, resulting in micro-
cracks.

2014/06/10 200u 2014/05/06

(a) (b)

2014/06/10 2014/06M10 *500 200 um

(c) (d)

Figure 3.6 Microstructure of ECAP-PC compacted aluminum composite: (a) cold pressed
AAI1070; (b) cold pressed AA6061; (c) hot pressed AA1070 (d) hot pressed AA6061.
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The deformation mechanism of ECAP-PC has been explained by twinning [80-81].
ECAP-PC defects originate from cracking and fragmentation which are considered as
local mechanisms. As the AI/ANF powder was wrapped in Cu, the result was friction
contact for the difference in materials flow, consequently blocking adhesion, causing
micro-cracks shown in Fig 3.7 (a). At hot pressing (HP), the flow of stress is more
easily moved toward the center point but still not evenly distributed. By hot pressing,
micro-cracks do not occur, and high densification is obtained, as seen in Fig 3.6 (¢)
and (d). During the first pass, there is a possibility of grain morphology changes due
to the mechanism of twinning, which decreases the local stresses at the grain
boundaries. According Valiev et al. [34], ECAP-PC on the first pass twinning
mechanism is not maximized, after four passes, the twinning movement is maximized,
resulting in a homogeneous UFG material. With four passes, Mg»Si precipitation is
evenly dispersed. ECAP-PC makes it possible to produce a homogeneous UFG
structure after four passes, which is a substantially smaller number when compared to
conventional ECAP [77]. As it follows from Figure 3.8 (b), heat flow moved from the
upper to the lower end, which resulted in stress and strains flow from the circle of the
Cu capsule around the edges (Fig 3.8 (c¢)), as can be observed in Fig 3.8 (a), which
explains no micro-crack around grains.

3.2.2 Mechanical properties

When copper capsule is used for wrapping powders, the copper reduces the friction
coefficient, e.g. reducing the hydrostatic pressure from the surface to the center [82-
83]. Pressure reduction is shown by ANSYS in Fig. 3.7. During cold pressing, stresses
are gathered in the center and unevenly distributed. Although the flow pressure is
higher when compared to cold pressing, flow pressure is still concentrated on the wall
of the die, as seen in Fig. 3.8. Effects of die channel angle on the deformation
behavior and increase of pressure on the punch die angle can result in increasing
strain homogeneity in the cross-section [35]. Liu et al. [37] declared that during ECAP
by parallel channels, the originally equiaxed grains are elongated after passing
through the first bend, then returned to their original shape at the end the pressing.
The largest flow stress of ECAP-PC occurred on the friction part of sides with dies
[83-84] confirmed on HP in Fig. 3.8 (c). Deformation is localized in a small area
around the meeting corner channel and material flow easily in the outer corner. This
proves that the friction of powder inside the capsule Cu on the samples is very low in
CP, thus, it cannot produce an optimum of mechanical properties.
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Figure 3.7 FEM simulation: (a) Microstructure after cold pressing; (b) effect of room
temperature; (c) effect of cold pressing.
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Figure 3.8 FEM simulation: (a) microstructure after hot pressing at the the Cu capsule
sample interphase; (b) effect of hot temperatures; (c) effect of hot pressing.
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Hardness of AA1070 after cold pressing is 30 HV10, after hot pressing hardness

increases up to 69 HV10. In cold pressing; compressive strength is 124 MPa and
deformation 3% as compared with hot pressing, which reached 54 MPa and
deformation of 14.5 %. This result is in accordance with measured grain sizes, being
5.7 um for cold pressed materials and 7.5 pm for hot pressed materials. No UFG
structure was present with ECAP-PC, which is believed to be caused by the lower
level of applied deformations. Part of the deformation could also be accumulated in
the Cu capsule around the specimen. Hardness for cold pressed 6061 alloy was 74
HV10 and for hot pressed alloys 95 HV10, as shown in Table 3.2. The compressive
strength for cold pressed specimen is 57 MPa and deformation 2.4%, increasing up to
95 MPa and deformation of 14% with hot pressing. Although the hot pressing
produces higher mechanical properties than cold pressing, the grains size in both cases
is relatively coarse, i.e. 7.5 pum and 6.4 pm.
Stress-strain behavior of AA1070 and AA6061 samples prepared by ECAP-PC shows
the saturation trend, e.g. it does not show sufficient work hardening. If the strains
during pressing are not sufficient to produce ultrafine grains, the mechanisms of
formation of slip bands and twinning will not dominate. Therefore, unique mechanical
properties cannot be obtained, shown by the tensile or compressive test. Mg,Si
precipitates, such as UFG structure formation, are accompanied by dynamic aging on
ECAP-PC through four passes.

Table 3.2 Mechanical properties of ECAP-PC pressed nanocomposites

Compressive

Composites stilgss Strength Defo{(,l/rol )a tion Gr;i]‘l:ll?ize
(MPa)
CP AA1070 + ANF 30+3 124 3 5.7
HP AA1070 + ANF 6945 73 14.5 7.6
CP AA6061 + ANF 74+5 57 24 7.5
HP AA6061 + ANF 9542 95 14 6.4
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Figure 3.9 Mechanical properties of AA1070 compacted by ECAP-PC.
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Figure 3.10 Mechanical properties of AA6061 compacted by ECAP-PC.




3.3 Aluminum based composites by ARB

For ARB, two different types of matrixes, i.e. AA1070 and AA7075 and Al,Os3
nanofibers as reinforcement were used. Focus was on the observation of temperature
effect during compaction. Cooling of the preheated strip was assumed during the
rolling process having its effect on the mechanical properties of the composites. After
the processing, the strip was cut in three and the part entering the roll first was
designated as Hot-Region (HR) and the rear part, entering the roll, the last was
designated as Cold-Region (CR). Normally, with the ARB process, a number of
cycles is needed for optimized mechanical properties and ultrafine grained structure.
According to Tsuji [39], there is no significant effect until the third cycle in terms of
increasing the mechanical properties. Argentero [42] found that in order to improve
the mechanical properties, at least 9-13 cycles of repetitive rolling are needed.

3.3.1 Microstructure

AA1070 based composite

Microstructure observation was performed for hot and cold regions of the samples.
Influence of compressive deformation on the changes in the grain morphology was
analyzed. In the cold region of sample AA1070, peeling and damaged grains can be
observed, as shown in Fig. 3.11 (a). Fig 3.11 (b) shows HR in the direction of rolling
where welding becomes dominant, resulting in grain growth. ARB process resulted in
a reduction in volume and damage to the surface in the form of a deep groove along
the shear direction due to the deformation by the delamination mechanism [85-87].
Fig 3.11 (c) shows the delamination in the cold zone. The contact between the matrix
and embedded Al,O; nanofibers is blocked by the remaining gas in the micro-pores,
so that it results in an incomplete interphase bonding layer. HR in Fig 3.11 (d) shows
the grain growth and Al,Os nanofibers effectively embedded into the matrix and
reduced porosity. The fracture of AlO; layer caused the deformation of ARB,
followed by the separation of fragments of Al,Os during deformation. Fragmented
Al,O3 broke down into particles uniformly distributed throughout the aluminum
matrix during the cycles of ARB. Comparison with non-aligned nanoparticles was
also made. First, 6 wt. % of nanofibers were mixed into aluminum powder by low-
energy wet ball milling to misalign the fibers in AA1070 powder. This composite
powder was used as reinforcement between the AA1070 strips during ARB. In cold
regions, as shown in Fig. 3.11 (e), the delamination distributed in the boundary area
occurs. Fig. 3.11 (f) shows hot regions where macro-porosity is reduced by the higher
processing temperature. Nevertheless, a significant amount of remaining porosity is
still present.
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Figure 3.11 Microstructure of AA1070 based composite by the ARB process: (a) pure
AA1070-CR; (b) pure AA1070-HR; (c) AA1070 + Al,O3 nanofiber-CR; (d) AA1070 + Al,O;
nanofiber-HR; (e) AA1070 + AA1060 Powder + Al;O3 nanofiber-CR; (f) AA1070 + AA1060
Powder + Al;O;3 nanofiber-HR.
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AA7075 based composite

Microstructure of AA7075 after the ARB process is shown in Fig. 3.12 (a) and (b);
with ANF reinforced AA7075 (Fig. 3.12 (c) and (d)). It is evident that the first cycle is
not sufficient to immerse ANF into the interphase, as large pores are seen at the
contact area among ANF and matrix (Fig. 3.12 (d)).

2015/01/30 x500 200 um 5-95 2015/01/30 x500 200 um

(@) (b)

Figure 3.12 Microstructure of AA7075 based composite by the ARB process: (a) AA7075; (b)
Dendrite on AA7075; (c) AA7075 + Al,O3 nanofiber; (d) macro-porosity on AA7075.

ARB process results in grain growth, on the other hand, consolidation is restrained by
Al,O3 nanofiber as reinforcement. The recrystallization produced a finer grain
structure. Aluminum oxide particles and oxide films formed on the surface and the
inclusion spread during roll pressing and acted as a barrier to grain growth.
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3.3.2 Mechanical properties

AA1070 based composites

Mechanical properties depend on the temperature applied during ARB cycles. Table
3.3 shows the results of mechanical properties. Hardness of AA1070 in HR was 44
HV10, which is higher than hardness in CR, which was 40 HV10. The higher
hardness is accompanied by an increase in density and tensile strength of 148 MPa on
HR, as compared to 130 MPa at CR (Fig. 3.13). Increase of hardness and tensile
strength during ARB is minimal after the first cycle. Increase of mechanical properties
occurs gradually, corresponding to the increase in the number of cycles, optimized at
the tenth cycle. For composite AA1070+ANF, higher hardness occurs in CR, which is
48 HV10 compared to HR hardness of 44 HV10. Density does not change
significantly. Neither does tensile strength and elongation increase significantly, in
HR tensile strength is 144 MPa with 2.7% elongation and CR 113 MPa elongation
2.5%. UFG structure on the ARB process is usually achieved in the eighth cycle’s
later processes of stable cycles and as a result hardness and tensile strength are
increased.

Table 3.3 Mechanical Properties of Al based composite in the ARB process

Tensile
ARB Process H;l_;‘g;lgss Strength Elm(l(ga)tlon l()e;lclls:g’ Grain Size
(MPa) ° & (um)
AA1070-CR 41+1 130 4 2.74 £0.02 1.2
AA1070-HR 44+2 148 3.2 2.79+0.31 1.1
AA1070 + ANF-CR 48+1 113 2.5 2.72 +£0.01 1.9
AA1070 + ANF-HR 45+1 114 2.7 2.73+0.02 1.9
AA1070 + AA1060p
+ . .07+ 0. 5
+ ANF-CR 34+3 57 0.9 2.67+0.02 6.7
AA1070 + AA1060p
+ . .05 £0. .
+ ANF-HR 3243 96 0.5 2.65+0.03 23
AA7075 128+4 - - 2.81+0.014 1.4
AA7075 + ANF 103+3 - - 2.79+0.003 1.3
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Figure 3.13 Mechanical properties of aluminum based composites.

With the addition of 6 wt. % AA1060 composite powder between AA1070 strips, the
mechanical properties were decreased. Hardness of CR was 33 HV10 and 32 HV10 in
HR. Density of all of the samples was decreased (2.67g/cm’ in CR and 2.65g/cm’ in
HR). The tensile strength in CR 57 MPa was lower than that in HR, which was 96
MPa. As shown in Fig. 3.13, although tensile strength had higher HR, elongation was
lower. In CR, micro-porosity was gathered in the area of delamination, while in HR;
micro-porosity was gathered in the interphase region, so that heat on ARB reduces
micro-porosity at the interface.

AA7075 based composites

The hardness of AA7075 in CR is 128 HV10 with density corresponding to
theoretical density (2.8g/cm’). The ANF reinforcement in AA7075 based composite
decreases the hardness to 103 HV10, accompanied by the decrease in density. The
decrease in hardness is due to porosity at the interphase among AA7075 as matrix and
ANF (in Fig 3.12 (c-d)). This results in a weak bond between the matrix and
reinforcement. Saito [10] recommended to increase the number of optimum cycles in
order to achieve a strong bonding. The ARB processes on the thirteenth cycle in the
composite showed the presence of large particles and the structure of deformation
around the particles, strengthening the particles in the matrix and also eliminating
porosity in the interface of a Al/Al,O; based composite. The mechanical properties of
the AA7075 based composite are confirmed in Table 3.3.
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3.3.3 Determination of the parameters of the ARB process using the FEM
analysis

The pressure and temperature on ARB is important in the process to determine the
viability to improve the material properties of composites. FEM helps to solve various
technical problems associated with process parameters on ARB. Govindaraj [88] used
FEM to simulate deformation, instability combination of different material by ARB.
Mode instability observed with dimensions of FEM simulation was conducted, in
which the direction movement of pressure was forming 45° type of sinusoidal bending
of the strongest layer by shear bands. Stronger layers occur when the alloy was
clongated, thus work hardening the metal layer. FEM analysis was also used by
Lihong [89] for the optimization of surface roughness on AA1050/AA6061. At the
fifth cycle of ARB, the resulted surface roughness can generate good bonding without
lubrication.

Pressure distribution analysis

The first cycle of high pressure of rolling spreading on the surface of aluminum plate
is shown in Fig. 3.14 (a-b) for the first cycle of ARB. It was observed that ANF is cut
by tensile rolling load, confirmed in Fig. 3.14 (e¢). ANF has a length of 50 mm, 1 mm
thick, and weighing 0.6 g, placed between the aluminum plates. In the second cycle,
the pressure of rolling tends to further decrease stress distribution, as can be seen in
Fig. 3.14 (c-d). On the second cycle of load rolling, the embedded Al,O3 nanofiber
was well-adhered to the surface of the aluminum plate, as shown in Fig. 3.14 (f).
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Figure 3.14 FEM analysis of stress-strain distribution of the ARB process: (a) stress on the
first cycle; (b) strain on the first cycle; (c) stress on the second cycle; (d) strain on the second
cycle; (e) ANF disconnected during the first cycle (f) ANF embedded during the second cycle.
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The deformation of the ARB process is capable of producing strain that is not limited
because the number of cycles of ARB can be repeated unlimitedly (indefinitely). The
consideration of a practical factor, such as strain hardening, normal pressure of
compression requirements, and edge cracking, limits the maximum number of ARB
cycles applicable. A reduction of 50% usually applied in each cycle of ARB with the
type of reduction strip thickness (t) after cycle (n) is shown in the following equation:

t= L (3.1

2?’1
where fy is initial thickness on the strips, after (n) cycles, total reduction r; is given by:

t 1

Tt:].—a:].—z—n (32)
The equation of plastic strain € assumed by the theory of Von Misses yield criteria,
plane strain condition is given by

€= (%ln (%)) n =0.8n 3.3)

The ARB process is capable of reducing a £ Imm thick sheet to approximately 1 pm
after 10 cycles. An example to change the geometry when two 1 mm thick sheets are
rolled bonded with a 50% deformation in each ARB cycle is provided in Table 3.4.
When the process of ARB on Al/Al;O3 nanofiber composite is repeated for the second
time, the initial thickness is reduced to . When 2.5 mm of thickness is reduced to 1
mm, the achieved total reduction is 75% and the total equivalent plastic strain is 1.6.
This process can introduce ultra-high strain into a composite material by ARB.

Table 3.4 Changes of materials geometry during ARB on two Imm sheets by 50% reduction
per cycle

No of cycles 1 2 3 4 5 6 7 8 9 10 n
No of layers 2 | 4 8 16 32 64 128 256 512 1024 2n
No of bonded 1 3 7 15 | 31 | 63 | 127 255 511 | 1023 2n —1
boundaries
Layerinterval | o, | 550 | 125 | 625 [ 312 | 156 | 78 | 39 | 19 | 096 1000/2"
(um)
Total 50 | 75 | 875 938 969 984 992 996 998 999  (1—1/2")x 100
reduction (%) ' ' ' ' ’ ' ' '

i 2
Equivalent 08 16 24 32 40 48 56 64 712 80 (—ln 2) n = 0.8n
strain NG3
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Temperature distribution analysis

Rolling process at an increased temperature induces recrystallization, therefore, it is
expected to get high formability process and avoid defects in the product. In the
process of ARB, AA1070/AA7075 composite has the upper recrystallization
temperatures at 400-500 °C. Fig. 3.15 (b-c) shows FEM simulation where red color
represents the entire surface indicating the excessive temperature, thereby some parts
possess dendrite formation (Fig. 3.15 (e-f)). The temperature affects the grain size and
arrangement of grain boundaries in the microstructure, a temperature upper limit
between 400-500 °C causes dynamic recrystallization, resulting in the nucleation of
new grains that become dendrites. The use of temperature between 300-399 °C (Fig.
3.15 (a)) resulted in grain distribution without dendrites, confirmed in Fig. 3.15 (d).
ARB process should be conducted at elevated temperatures below recrystallization
temperature because then it cancels out the accumulated strains; a low temperature
would result in insufficient ductility and bond strength, where material can be bonded
together despite no recrystallization.

(2)

Y
0.00 50.00 100.00 (mm) o
I __ —
25.00 75.00

0.00 50.00 10000 (mrm)
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Figure 3.15 FEM analysis of temperature distribution: (a) preheated to 350 °C; (b) preheated
to 400 °C; (c) preheated to 500 °C; (d) grain distribution at 350°C; (e) dendrite at 400°C; (f)
dendrite at 500°C.
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3.3.4 Microstructure evolution of Al based composite after the second
cycle of ARB

Based on the description of the theory and results from ARB experiments, Al based
composite can be explained by the phenomenon of microstructural evolution. During
the first cycle, ANF was truncated by compression from the roll contact. During the
second cycle, ANF was embedded on the stack of aluminum as matrix. The use of
higher temperature helps to provide bonding between the matrix and reinforcement, as
explained in Fig. 3.16. Selection of the temperature is very important for increasing
formability, but at a certain temperature (400-500 °C), dendrite formation inhibits
nanofiber reinforcement.

ANF cut off by rolling process

Roll Process 2

Roll Prosess

ANF embedded betwen stack of AA1070
Second cycles

Figure 3.16 Modeling of formation of bonding mechanism between AI/ANF ARB processes.

To produce an ultrafine grained structure, a large number of cycles ARB is needed.
Argentero [42] performed 10 cycles of ARB, while Jamaati [90] reached eight cycles
to generate significant mechanical properties. A large number of cycles in general is
unacceptable for mass production in the industry.
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3.4 Aluminum based composites by RPRB
3.4.1 Microstructure

Repetitive Press Roll Bonding (RPRB) is a new method of SPD that is expected to be
able to reduce the number of cycles needed for the ARB process: to obtain sufficient
bonding with grain refinement. The end result is an alloy with thorough bonding of
matrix and reinforcement, as seen in Fig. 3.17 (a). The first pass of uniaxial pressing
distributes Al,Os nanofiber at the interphase (Fig. 3.17 (b)) and some macro-porosity
is remained, as seen in Fig. 3.17 (d). Al,O; nanofiber partially unattached from the
interphase was also seen. After the first cycle (Fig. 3.17 (e)), RPRB showed
embedding of Al,O; nanofibers and sufficient bonding as there is no micro-porosity
found at the interphase (Fig. 3.17 (f)).

3.4.2 Mechanical properties

Hardness

The hardness of AA1070 by uniaxial pressing process is 38 HV 10, hardness increases
with addition of Al,O3 nanofiber up to 42 HV10. The hardness value compares to that
produced by RPRB of AA1070, which is at 42 HV10, accompanied by decreased
density of 2.6 g/cm®. After the addition of Al,O; nanofiber, hardness increases slightly
to 44 HV10. This increase occurred on the first cycle 48 HV10, which is almost equal
to the hardness of the ARB on CR. During the second cycle, the hardness increases
significantly up to 53 HV10. The mechanical properties are presented in Table 3.5.

Table 3.5 Mechanical properties of RPRB alloys

. Tensile . . s
Materials H:Irg‘l‘gss ?‘;‘c‘;g Strength El‘"(‘éa)t“’“ Gr:‘“r‘n?ze
& (MPa) ° "
Ex D Ly Uil 38+5 2.7+0.02 139 0.4 2.0
pressing
Al based composite 4242 2.6+0.04 91 0.1 3.0
by uniaxial pressing
AA1070 by RPRB 42+4 2.6+0.05 157 2.8 00
Composite by RPRB 4446 2.6:£0.05 163 1.3 3.0
RPRB On first cycles 48+1 2.7+0.10 170 4 2.1
RPRB On second 5312 274009 290 9 15
cycles
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Figure 3.17 Microstructure of Al based composite: (a) AA1070 by uniaxial pressing process;
(b) AA1070+ANF by uniaxial pressing process; (c) AA1070 by RPRB process; (d)
AA1070+ANF by RPRB process; (e ) Al based composite after first cycle of RPRB; (f) Al
based composite after second cycles of RPRB.
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Tensile strength

The tensile strength of AA1070 by uniaxial pressing before the rolling process was
139 MPa with elongation of 0.4%. After the addition of AlOs; nanofibers
reinforcement, the tensile strength was decreased to 91 MPa with elongation of 0.1%.
The decrease was caused by Al,Os to be a barrier at the interphase bonding between
aluminum as matrix and Al,O3; nanofiber as reinforcement. In the process of RPRB,
the tensile strength of AA1070 was increased, after adding of Al,O3; nanofiber, the
tensile strength increased from 157 MPa to 163 MPa, but the elongation decreased
from 2.8% to 1.3%, an increase in the tensile strength was due to the additional effect
of reinforcement. However, there was a decline in the elongation caused by imperfect
bonding between the interphases. During the second cycle, there was a drastic
increase in the tensile strength of 170 MPa to 290 Mpa, accompanied by an increase
in elongation from 4% to 9%; the result of tensile strength is confirmed in Fig. 3.18.
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Figure 3.18 Tensile strength of AA1070 based composite by the RPRB process.
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3.4.3 Evolution of microstructure in the RPRB process

The first cycles of the RPRB process is capable of cutting and immersing ANF
simultaneously within a stack of aluminum, whereas in the ARB process, this should
be done in two cycles. In the second cycle, in the rolling process, the grain size
becomes finer. This makes it possible to form an interface bonding between the
aluminum matrix and ANF as reinforcement. This is evidenced by a significant
increase in mechanical properties in the results of the aluminum-based composite

RPRB process after the second cycles.

Press Mechine

AAL$070 + ANF

Uniaxial pressing

AA 1070 + ANF
After Press

AA 1070 + ANF

. After Roll

Roll bonding

Press Mechine

Press Mechine

ANF cut off and embedded simultaneously by pressing process

L]
Interface AA 1070
+ ANF After Press

Interface AA 1070

ANF distributed evenly and produced a fine grain and
form a interface bonding

Figure 3.19 Bonding mechanism between Aluminum and Al;O3 nanofibers during RPRB

process.
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CONCLUSIONS

The results of the development of SPD technologies for consolidation of aluminum
alloy powders show that ultrafine grained bulk alloys with acceptable strength and
ductility can be obtained with alloys 6061 and 7075. Heat treatment has a dual effect
of grain coarsening and formation of precipitates. For alloys with low formability, e.g.
7075, solution heat treatment and artificial aging as post heat treatment is
recommended.

Equal parallel channel angular pressing was shown to be a viable route to produce
Al/Al,O3 nanofiber composites. Due to more uniform strains during the processing,
integrity of the parts was obtained even after a higher number of passes. It takes up to
four cycles to produce composites with ultrafine grained structure

Accumulative Roll Bonding process, as one of the few technologies available, allows
production of metal matrix composites with aligned nanofibers. It was shown that
during the ARB process, the Al,Os nanofibers are cut due to the tensile stresses
applied during rolling. Starting from the second cycles, Al,Oz nanofibers start to be
embedded in the matrix. Clear evidence of the positive effect of aligned versus non-
aligned nanofibers was shown when considering strength and elongation of the
composites. An important processing parameter was found to be the temperature of
compaction; even small deviations below the crystallization temperature produce
dendrites that cancel high strains; therefore they have a higher number of defects in
composites.

A novel technology called repetitive press rolls bonding was developed, which
combines pressing and rolling. The new technology simplifies the ARB process, and
eases the embedding of reinforcement like AlO; nanofibers. Processing time is
reduced, for instance, to embed Al,O; nanofibers, only one cycle is needed and the
result is a strong bonding.

The scientific novelty of research

e For the first time, aligned ceramic nanofibers were embedded effectively in
aluminum alloy matrices. The nanocomposites were fabricated using
accumulative roll bonding process. The bundles of starting nanofibers, having
a length of ~13 cm and a diameter of 7 nm, were embedded in the aluminum
matrix already after two passes. Although the nanofiber was shortened during
the process, distinct benefits regarding mechanical properties were obtained,
when compared with nanocomposites with non-aligned nanofibers.
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Importance of temperature fluctuations during processing of aluminum based
nanocomposites was revealed. During equal parallel channel angular pressing,
high temperatures are needed for effective compaction. During ARB, even
cooling of the strip during the cycle has a significant impact on the
mechanical properties and microstructure.
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ABSTRACT

Severe Plastic Deformation of Aluminum Based Composites

Metal Matrix Composites are being considered as a group of new advanced materials
for their light weight, high strength, low thermal expansion coefficient and good wear
resistance. Among metal materials eligible for these properties is aluminum.
Aluminum is a non-ferrous metal that has malleability and ductility and good
formability. Composite manufacturing technology consists of various processes, such
as powder metallurgy, foundry technology and metal forming process. Recent
developments of composite materials are the process of Severe Plastic Deformation
(SPD), i.e. Equal Channel Angular Pressing (ECAP), High Pressure Torsion (HPT)
and Accumulative Roll Bonding (ARB).

The purpose of this study is the use of aluminum as a matrix of composite processed
by SPD with different technologies, such as ECAP Consolidation, ECAP Parallel
Channel and ARB. The latest method of SPD is RPRB, developed to improve the
ARB process to produce highest properties. The process of ARB needs further
compression, reaching many cycles, but the RPRB technology already in the third
cycle is able to generate interphase bonding between the matrix and reinforcement.
An ECAP consolidation result in ultrafine grain size and following annealing
improves the formability of the composite. Quenching and artificial aging after SPD
process improves strength properties and higher ductility of the material. During
ECAP - PC the importance of temperature on deformation and compaction was
studied. For composites with alloy matrix increased temperatures during compaction
are crucial for high-density materials. The use of Finite Element analysis supports
experimental results in terms of distribution of pressure and temperature during
compaction. Also with ARB process the effect of roll diameter in hot and cold regions
of deformation was investigated. Comparison of material properties obtained by ARB
and newly developed RPRB processes was also performed.

In the results of development of SPD consolidation aluminum alloy 6061 and 7075
powders, ultrafine bulk alloys with acceptable strength and ductility.

ECAP-PC process is viable route to produce Al/Al,O3; nanofiber composites.

ARB process enables production of aluminum matrix composites reinforced with
aligned nanofibers. Clear evidence of the positive effect of aligned versus non-aligned
nanofibers was shown. An important processing parameter was found to be the
temperature during compaction — even small deviation below the crystallization
temperature induces growth of not desired dendritic structure.

Novel Repetitive Press Roll Bonding technology was proposed, simplifying the ARB
process and embedding of Al,O3; nanofibers as reinforcement in MMC.

Keywords; Aluminum, Al,O; nanofibers, MMC, SPD, Heat treatment, ECAP, ARB
and RPRB.
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KOKKUVOTE

Alumiiniumi baasil komposiitide siivaplastse deformatsiooni protsesside
uurimine

Alumiiniumi baasil metallmaatrikskomposiidid (MMK) on kujunenud arvestatavaks
korgtehnoloogiliste materjalide grupiks tdnu nende kergekaalulisusele, suurele
tugevusele, viiksele soojuspaisumisele ja heale kulumiskindluselee. MMK
tootmisprotsess sisaldab mitmeid protsesse nagu pulbermetallurgia, valutehnoloogia
ja survetdotlus.

Kéesolevad arengud MMK valdkonnas on seotud siivaplastse deformeerimise (Severe
Plastic Deformation, SPD), niiteks vordkanalnurkpressimisega (Equal Channel
Angular Pressing, ECAP), korgsurveviinde (High Pressure Torsion, HPT) ja
summeriva valtsliitmise (Accumulative Roll Bonding, ARB) protsessidega.

Kéesoleva uurimuse eesmirgiks on alumiiniummaatrikskomposiitide saamine lébi
erinevate siivaplastse deformatsiooni protsesside, nagu ECAP ja paralleelkanalitega
ECAP (ECAP-PC) ja ARB konsolideerimise. Uusimaks SPD protsessiks on
korduvsurvevaltsliitmine (Repetitive Press Rolling Bonding, RPRB), parandamaks
ARB protsessi tulemusena saadud materjali omadusi. Kui ARB tavaprotsessi korral
on vajalik jargnev paljutsiikliline survepressimine, siis ldbi kolmetsiiklilise RPRB
protsessi tekitame faasidevahelise sideme maatriksi ja armatuuri vahel. ECAP
konsolideerimine tagab meile ilipeene tera, jdrgnev protsess lodmutus — hea
vormitavuse ning termotddtlus (karastamise ja kunstliku vanandamise) — head
tugevus- ja plastsusomadused. Médramaks materjali kditumist ECAP-PC protsessis,
uuriti nii kiilm- kui kuumpressimist. Loplike elementide meetodi (FEM) kasutamine
vodimaldas analiiiisida pinge ja temperatuuri jaotust deformeerimisel, ARB to6tlemisel
kuum- ja kiilmdeformatsiooni alades ka wvaltside kuju mdju mikrostruktuurile.
Vorreldi materjali omadusi, mis saadi ARB ja uusima, RPRB meetodi korral.

Labi SPD protsesside arenduse on voimalik saada alumiiniumisulamite (6061 ja 7075)
pulbrite konsolideerimisega kompaktseid peenterasulameid piisava tugevuse ja
sitkusega.

Selgitati vélja, et ECAP-PC protsess on sobilik Al/Al,O; nanokiudkomposiitide
saamiseks.

ARB protsess voimaldab saada alumiiniummaatriksiga nanokiududega armeeritud
komposiite, kusjuures nanokiududega armeerimise efekt oli ilmne. Selgitati, et itheks
oluliseks  protsessiparameetriks on  temperatuur —  vidike  korvalekalle
kristallisatsioonitemperatuurist tingib deformeerimist raskendavate dendriitide tekke.
On pakutud uudne RPRB tehnoloogia, mis lihtsustab ARB protsessi ja Al203
nanokiudarmatuuri sisseviimist alumiiniummaatriksisse.
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Javanese fluent (mother tongue)
English good
Arabic intermediate
Estonian basic skills
Russian basic skills
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5. Professional Organization

Period Organization Position
Indonesian Students Association

2014 - 2016 in Estonia Chairman
Indonesian Welding Society

2010 - present Instructor
Composites Association of

2010 - 2012 Indonesia Chairman

6. Professional Employment

Period Institution Position

2008 - present

University of Sultan Ageng,
Tirtayasa Indonesia

Senior Lecturer

2001 - 2005

University Merdeka of
Malang, Indonesia

Early Stage Lecturer
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Computer. 2004.

21. Sergei Zimakov. Novel Wear Resistant WC-Based Thermal Sprayed Coatings.
2004.
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22. Irina Preis. Fatigue Performance and Mechanical Reliability of Cemented
Carbides. 2004.

23. Medhat Hussainov. Effect of Solid Particles on Turbulence of Gas in Two-Phase
Flows. 2005.

24. Frid Kaljas. Synergy-Based Approach to Design of the Interdisciplinary Systems.
2005.
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Systems. 2006.

29. Maksim Antonov. Assessment of Cermets Performance in Aggressive Media.
2006.

30. Tatjana Barashkova. Research of the Effect of Correlation at the Measurement
of Alternating Voltage. 2006.

31. Jaan Kers. Recycling of Composite Plastics. 2006.

32. Raivo Sell. Model Based Mechatronic Systems Modeling Methodology in
Conceptual Design Stage. 2007.

33. Hans Riammal. Experimental Methods for Sound Propagation Studies in
Automotive Duct Systems. 2007.

34. Meelis Pohlak. Rapid Prototyping of Sheet Metal Components with Incremental
Sheet Forming Technology. 2007.

35. Priidu Peetsalu. Microstructural Aspects of Thermal Sprayed WC-Co Coatings
and Ni-Cr Coated Steels. 2007.

36. Lauri Kollo. Sinter/HIP Technology of TiC-Based Cermets. 2007.

37. Andrei Dedov. Assessment of Metal Condition and Remaining Life of In-service
Power Plant Components Operating at High Temperature. 2007.

38. Fjodor Sergejev. Investigation of the Fatigue Mechanics Aspects of PM
Hardmetals and Cermets. 2007.

39. Eduard SevtSenko. Intelligent Decision Support System for the Network of
Collaborative SME-s. 2007.

40. Riinno Lumiste. Networks and Innovation in Machinery and Electronics Industry
and Enterprises (Estonian Case Studies). 2008.

41. Kristo Karjust. Integrated Product Development and Production Technology of
Large Composite Plastic Products. 2008.
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42. Mart Saarna. Fatigue Characteristics of PM Steels. 2008.

43. Eduard Kimmari. Exothermically Synthesized B4C-Al Composites for Dry
Sliding. 2008.

44. Indrek Abiline. Calibration Methods of Coating Thickness Gauges. 2008.

45. Tiit Hindreus. Synergy-Based Approach to Quality Assurance. 2009.

46. Karl Raba. Uncertainty Focused Product Improvement Models. 2009.

47. Riho Tarbe. Abrasive Impact Wear: Tester, Wear and Grindability Studies. 2009.

48. Kristjan Juhani. Reactive Sintered Chromium and Titanium Carbide-Based
Cermets. 2009.

49. Nadezda Dementjeva. Energy Planning Model Analysis and Their Adaptability
for Estonian Energy Sector. 2009.

50. Igor Krupenski. Numerical Simulation of Two-Phase Turbulent Flows in Ash
Circulating Fluidized Bed. 2010.

51. Aleksandr Hlebnikov. The Analysis of Efficiency and Optimization of District
Heating Networks in Estonia. 2010.

52. Andres Petrit§enko. Vibration of Ladder Frames. 2010.
53. Renee Joost. Novel Methods for Hardmetal Production and Recycling. 2010.
54. Andre Gregor. Hard PVD Coatings for Tooling. 2010.

55. Tonu Roosaar. Wear Performance of WC- and TiC-Based Ceramic-Metallic
Composites. 2010.

56. Alina Sivitski. Sliding Wear of PVD Hard Coatings: Fatigue and Measurement
Aspects. 2010.

57. Sergei Kramanenko. Fractal Approach for Multiple Project Management in
Manufacturing Enterprises. 2010.

58. Eduard Latésov. Model for the Analysis of Combined Heat and Power
Production. 2011.

59. Jiirgen Riim. Calibration Methods of Coating Thickness Standards. 2011.
60. Andrei Surzhenkov. Duplex Treatment of Steel Surface. 2011.
61. Steffen Dahms. Diffusion Welding of Different Materials. 2011.

62. Birthe Matsi. Research of Innovation Capasity Monitoring Methodology for
Engineering Industry. 2011.

63. Peeter Ross. Data Sharing and Shared Workflow in Medical Imaging. 2011.
64. Siim Link. Reactivity of Woody and Herbaceous Biomass Chars. 2011.

65. Kristjan Plamus. The Impact of Oil Shale Calorific Value on CFB Boiler
Thermal Efficiency and Environment. 2012.

66. Aleksei TSinjan. Performance of Tool Materials in Blanking. 2012.
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67. Martin§ Sarkans. Synergy Deployment at Early Evaluation of Modularity of the
Multi-Agent Production Systems. 2012.

68. Sven Seiler. Laboratory as a Service — A Holistic Framework for Remote and
Virtual Labs. 2012.

69. Tarmo Velsker. Design Optimization of Steel and Glass Structures. 2012.

70. Madis Tiik. Access Rights and Organizational Management in Implementation of
Estonian Electronic Health Record System. 2012.

71. Marina Kostina. Reliability Management of Manufacturing Processes in
Machinery Enterprises. 2012.

72. Robert Hudjakov. Long-Range Navigation for Unmanned Off-Road Ground
Vehicle. 2012.

73. Arkadi Zikin. Advanced Multiphase Tribo-Functional PTA Hardfacings. 2013.
74. Alar Konist. Environmental Aspects of Oil Shale Power Production. 2013.
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Industry. 2013.

76. Dmitri Shvarts. Global 3D Map Merging Methods for Robot Navigation. 2013.
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2013.
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Saving. 2013.
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82. Heiki Tiikoja. Experimental Acoustic Characterization of Automotive Inlet and
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83. Jelena Priss. High Temperature Corrosion and Abrasive Wear of Boiler Steels.
2014.

84. Aare Aruniit. Thermoreactive Polymer Composite with High Particulate Filler
Content. 2014.

85. Dmitri Gornostajev. Development of the Calculation Method for Barge Hull.
2014,

86. Liina Lind. Wear of PVD Coatings on Fineblanking Punches. 2014.

87. Nikolai Voltsihhin. Design and Technology of Oxides-Containing Ceramic-
Based Composites. 2014.
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89. Tanel Aruvili. Wireless Real-time Monitoring of Machining Processes. 2015.

90. Andrei Bogatov. Morphological Changes on Diamond and DLC Films During
Sliding Wear. 2015.

91. Raimo Kabral. Aero-Acoustic Studies and Innovative Noise Control with
Application to Modern Automotive Gas Exchange System. 2015.

92. Jevgeni Sahno. Dynamic Management Framework for Continuous Improvement
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Manufacturing Small and Medium Sized Enterprises. 2015.
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Requirements. 2015.
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2016.
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System. 2016.
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Network. 2016.
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