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ABSTRACT

DEVELOPMENT OF CUNISI -X ALLOY CATENARY PARTS BY
THERMOMECHANICAL PROCESSING FOR RAILWAY APPLICATIONS

Ko-, ¥mer Faruk
M. Sc., Department of Metallurgical Materials Engineering
Supervisor: Prof. Dr. Ali ldlkank

September 2017112 pages

Electrical conductivity together with some other mechanical properties like strength

is needed for catenary systems in railway applications. In recent years, copper and its
alloys especially the ones with Ni and Si whitan mostly satisfy these mechanical
needs are extensively researched. For this reason, uses of CuNiSi base alloys have

become widespread.

In the resexh study CuNiSi base alloys wepait through several treatments to
improve their properties. Theseatments were basically melting and casting into
permanent molds, solutionizing for appropriate temperatures, cold/hot working
operations and heat treatments at different temperatures. Furthermore,
microstructural analyses mainly grain size determinatias @arried out. In order to

improve strength and shapeability of alloys, also grain size & Q00m was ai me
Throughout the study, scanning electron microscopy analysRayX diffraction

analysis, hardness tests, bending tests, electrical conductisitywere conducted.

These tests and analyses were done to observe effects of different treatments on

mechanical properties.



A production route for optimum mechanical properties was designed. Addlitiona
hardness measurements weaexorded as significaly higher for alloys with
additional alloying element (CuNi&irFe) on the other hand electrical conductivity
was measured to be lower. SEM analyses revealed precipitate formation in the
structure explaining this hardness increase. Namely, highest hensasured is
120HB and average electrical conductivity measured is 42 %IACS for alloy
composition of Cu%2,23Ni%0,34Si alloy. Grain size of this alloy after
thermomechanical processing is in the range eB@0m. On the other hand, highest
hardness measent is 180 HBN and average electrical conductivity measured is 34
%IACS for optimized alloy composition with Fe and Cr addition such as Cu%2,4Ni
%0,6Si+%0,45Cr,%0,15Fe. Again, grain size of this alloy after thermomechanical

processing is about 280 mm.

Keywords: Metals, Copper alloys, Heat treatment, Catenary, Hardness
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RAYLI SKSTEM UY GUILKAMALEARRMO MKKKROSESLER
KULLA NILARAK CUNISI -X ALAKI| MLARI DMEBKK TKRK

Ko ¥mer Far uk
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¥zell i kle hézlé tren hatlarénda kull aneéel
sertl ik gibi baze mekani k ©°zel |l i kKeler °ne
silisyum i-eren bakér alakémlaré bu meka

sayesinde arakteéermacél ar taraféndan yoj L

CuNi Si temelli alakéemlarén kull aném al anl
Bu -al ékmada ise CuNi Si temel | | al akéml
i Kl eml ere tabi tutul muktur. Bu i Kl eml er
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s ¢ I e ®lektron mikroskopu analizleri, ¥ k éné anal izl eri, sert
testl eri ve elektrik iletkenlijifatkbeél e
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i Kl eml erin mekani k °czelli kl er czerindeki e

numunel ere uygul anméxkteéer .
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CHAPTER 1

| NTRODUCTI ON

1.1 GENERAL

With the improvement of the technology, electrical conduction has become one of
the utmost important research areas. It is mostly because latest technological devices
and equipment especially the ones that were developed in the last quarter of the 19th
certury and so on, basically depends on the electrical energy. As mentioned above,
this reason has led the researchers on this area of science. Specifically, as will be
dealt in this work copper and its alloys are being constantly researched throughout
the wald of science and technology. Not just for their higher conductivity value but
also for their mechanical properties, these Cu and its alloys are becoming one step
ahead. Moreover, Coppéease alloys are extensively involved in electronic fields, to
exempify these field are framework of IC and connectors for their high electrical
conductivity. High portion of these alloys are usually consists of precipitation
strengthened types and are dilutely alloyed with elements of very low solubility to
sustain high enductivities. CuNii Si type alloys are included in these precipitation
hardenable coppdrase alloys group. The precipitates responsible for the
strengthening effecN:Silhlave been identifiei

In addition grain size determination and grain \gtb control were the primary
objectives in this study. By grain size control, producing smaller grain size
microstructure, mechanical properties can be altered significantly. Research results

show that the strength values of CuNiSi alloys can reach higlmbers with only a



modest decline of electrical conductivity after appropriate aging, so CuNiSi alloys
are mostly preferred for such usages. These alloys are quenched from high
temperature and then exposed to different heat treatments, which induces the
preci pi tati on eNi:Sian the eoppemnaatrixpahdatraue improves the
strength [2].

This chapter is also devoted giving information about the focused application
areas of this study, alloy properties/reasons why this alloy preferredismdha
applied thermomechanical processes throughout the work. Furthermore with these
topics, literature information that has been conducted throughout the study will be

presented in this section.

1.2 OBJECTIVE AND SCOPE

The main objective of this study iavestigating the effect of thermomechanical
processes on CuNi&iloys. As aforementioned briefly, these processes are melting
& casting into permanent molds, solutionizing at different temperatures in
completely liquid phase, water quenching, cold/hotlling operations,
recrystallization heat treatment and aging. Apart from thesé, d8@lability of the

produced alloy was examined and tested.

Overall scope in this work was to develop high strength, high conductivity copper
alloys (CuNiSiX) with reaching up to 50% IACS value with approximately 100 HB
hardness. Besides, to achieve these goals grain growth control by additives and
production rotes was very carefully conducted. While applying different
thermomechanical treatments, all the time microstructural analyses have been carried
out with hardness measurements of the alloys. Additionally, since one other
important aspect in this study iseetrical conductivity values of the alloys. These
measurements have been conducted for the specimens for reaching the intended
values. And also, obtaining a repeatable production route was the main aspect of this

thesis.



CHAPTER 2

THEORETIBEKEACLKGR®D AND LI TERATURE REYV

2.1 CASTING TECHNOLOGY

Casting technology can be defined as one of the oldest technologies for the
humankind. In the prehistorical times people required several tools for their needs.
To illustrate these needs, sharp objects fdtiray and harvesting can be named.

Apart from these needs gold is believed to be the first metal that attracted human
attention in those days both for its shining feature and mechanical behaviors

(resistant to corrosion etc.).

Casting can simply be defideas melting a metal specimen and then pouring it into a
designated shape. It is a kind of manufacturing process. The hot molten (liquefied)
material is poured into a mold, which contains a hollow cavity of the desired shape,

and then allowed to solidifyHere solidification and mold design are the two
important aspects in the process other than melting temperature, furnace, and
materi al content et c. Solidification can
microstructure to mechanical properties. they words, solidification in the casting

process is constantly monitored and strictly controlled. Another aspect, molding
holds its importance in the area that after casting, completed desired shape obtained

is completely related to the mold. So, if thelth provides intended geometrical

features, cast material can be obtained without any neggtivity



There are several casting methodsrfatals, these methods can be seen briefly as
follows[2];

EXPENDABLE MOLD
PERMANENT PATTERN I EXPENDABLE PATTERN

PERMANENT MOLD| OTHER

T T T T I T | I |
WATER & |[RESINY NO_|ffSILICATE| [NVESTMENT | [EVAPORATIVE- DIE CHILL
|C'-AY BOND"BOND"BO" DI l BOND | PATTERN ” CASTING VACUUM |CASTING
SHELL|[HOT|[COLD PLASTER LOST-| [FULL- |SQUEEZE —|CENTRIFUGAL
MoLD |[Box || Box BOND MoLD| | cASTING [CONTINUOUS

FOAM
L SEMI
V PROCESS co: ’:I_|CERAMIC =TO=H |
PROCEss || _moLD CASTING CENTRIFUGAL
CENTIFUGAL
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GREEN| |SKIN DRY DRY FLOOR LOAM HIGH-
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Figure 1. A hierarchy of casting processes with the mold types used.

Among these casting processes sand casting, investment casting and the permanent

mold casting are the most prefertedhniques.

Sand casting is the most widely preferred casting process through the world. Not
only it is a method nearly all types of metals can beusiagthis method but also it

is one of the few methods that allow high temperature castings for rsatdisas

nickel, steel and titanium. In sand casting method, desired shape mold is produced
basically from sand (also binder, coal powder and several additions). Molten metal is
poured into this sand mold and then after it takes the final shape, molokenbr
when itis cooled enough to obtain the cast material. If the final part to be obtained,
consists of cavities inside, these cavities in the sand mold is formed by producing and
placing cores in the mold. On the other hand mold is prepared by packidg sa
around a pattern. These are basically the approximate duplicate of the part to be cast.
These molds also need gating and riser systems which operate as road map and feed
tank respectively.
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Figure 2. Flowchart for the sand mold casting process.

Investment asting is also one of the oldest casting methods that dates back to
ancient Egyptians for some historidB$.In investment casting the logic is quite
simple. A corelike structure is made from wax with coating a refractory material.
After the production of pattern, wax is covered with a rigid material (i.e. ceramic
slurry). To eliminate the wax and obtain the cavity for the cast part this pattern is
heated so wax maltout of it. Finally pattern is heated to a suitable temperature for
pouring molten metal into it. The molten metal is poured on top of it and then the

desired cast shape produced.

Permanent mold casting is typically used mostly for the production ofanmus
metals (like Cu and its alloys). In the permanent mold casting process, a steel tool
(can be produced from another material which will be used repeatedly until it is
discarded, in detail they can be made of dense, fine grained, heat resistanhcast
steel, bronze, anodized aluminum, graphite or other suitable refractoriness) is
prepared as mold to be cast in. After permanent mold is prepared with the desired

design, cores are also produces.



Figure 3. Flowchart for the investment casting prodé$s

Core is an essential tool in the permanent mold casting method which is used to give
interior shape, cavities espetyalAs core material can be metallic, it can be sand.
Actually sand cores are mostly preferred in the mass production due to the reason
that metallic cores are hard to remove from the casting. Another aspect of the
per manent mol d c¢ a gt Maldg inthis mdthoccarerdesignedis de s i
two halves to get an easy removal of casting after the process is completed.
Additionally, molds are designed in two fashions one is in the vertical the other is in
the horizontal manner. Additionally, thicknessdstltese permanent molds range
from 15 mm to 50 mi@]. This thickness change regulates the heat removal amount
from the casting. The thicker mold walls remove greater amount of heat from the
casting. Generally, permanent mold casting is preferred for iron, aluminum,

magnesium, and copper based alloys.



Also permanent mold casting have severaldumisions, some of them are;
1 Gravity Die Casting.
1 Low pressure die casting. (LPDC)
1 High pressure die casting.(PDC)

Mold cavity

Pouring basin Pouring basin

/
Clamp
Sprue > /
| Metal
Vertical parting line N etal core -
Q \—Casling produced
Figure 4.  Crosssection of a permanent mé#j

2.2 ALLOY TYPES

In its simplest definition an alloy is a mixture diemical elementthat carries the
characteristics of metal. An alloy is mainly produced to obtain improved mechanical

properties with the included constituents. Alloys aneegelly made by including


https://en.wikipedia.org/wiki/Chemical_element
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two or more elements, at least one of them being metal. This metal is usually called
either the base met al or the primary met

name. A classification scheme for the various alloy types is given in figure 5.

The all oysdé mechanical behaviors wusually
mixing constituents. To illustrate, a metal very soft in its pure form can be altered by
adding alloying element (i.e. aluminum alloying with copper). In spite of both the

metals are very soft and ductile, formed alloy becomes stronger than both of them.

Under nonferrous alloys section, each alloy type has its own subdividing. To
exemplify each alloy type, some of the important ones are listed [Gloall the

alloys have different alloying elements with different mixing ratios;

Aluminium Alloys;
1 Duralumin
1 Y-alloy
1 Magnalium
! Hindalium
Titanium Alloys;
1 Alpha alloys
1 Nearalpha alloys
1 Alpha and beta alloys

1 Beta and near beta alloys

Nickel Alloys;
1 Haste alloy
1 Monel metal
1 Inconel
1 Nomonic
1 Ni-chrome



Copper Alloys;
1 Copperzinc alloys (Brasses)
1 Coppetrtin alloys (Bronzes)

1 Coppetnickelsilicon alloys

2.2.1 Preparation of Alloys

Alloy preparation process generally involves a melting process. By melting the
constituents, they are allowed to mix completely and solidify together. Each
substancés melted in a ladle and then poured into suitable molds. Dependitig

alloy type and ingredients, firstly the major ingredient may be melted and then the
alloying elements are added to the mixture. The important point in this process is
making sure to dissolve the constituents completely in the alloy.

There is oneaspect in alloy making that causes a problem. The problem can be

defined as different melting and evaporation points of the alloying constituents. This

di fference faced in the manner that if the
than one of thelal oyi ng el ement sé evaporation point,
losing the boiling element before melting the major ingrefiiénif that melting
pointreachedthe latter element would boil away and the vapor would ogidizhe

air.

In order to avoid such situationstly, the highest melting point metal is melted
and then the latter metal is added so it quickly dissolves in the major ingredient.

However, for the unavoidable losses some more is added into the mixture

In some casepreparing of alloyis somewhat difficult due to the reason that higher
melting point metal is in the lesser amount in other words not the major ingredient.
In such circumstances, a hardener alloy which act astanmediate consisting of
fifty/ fifty in each metal. After this, majangredient, which has the lower melting
point, is melted. Following that sufficient amount of hardener alloy is added to the

molten metal.
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2.2.2 Alloy Properties

Alloying in general is significantly important for rabengineering applications. By
alloying mechanical and several features can be improved for the desired application.
Such alloys are copper alloys. With alloy copper, its mechanical strengths and
critical temperatures like softening can be improved aockased. When looked for

the usage of unalloyed copper, it is generally limited due to its low strength.
Actually, this inability can be solved via several methods like cold working, solid
solution hardening, dispersion strengthening, grain refinementHetgever, such
processes have negative effects on the conductivity of copper. Since copper is
preferred essentially for its conductivity property, in this way it would generally be
useless for the desired application. Here actually the alloy propertes oo

action by both increasing strength witheotichlosing conductivity. The important

thing in this situation is to produce an alloy with properties as intended.

After giving some information about alloying and its benefits on usage, several
aspecton alloys and their properties are going to be discussed in this section. Alloys
can be divided into two basic groups in one aspect which are substition alloys and

intersititial alloys. Substitution alloy can be defined as the alloying atom replace the

man met al 6s atom. This is called as subsi
case, the alloying atoms are very much
atoms. So in such circumstances alloying

atoms whee these places are also called interstices.

Ceee e
4 e

Ceeee 4
AR
R

Figure 6. Substitutional and intersititial alloys.
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Another aspect that can be nanfed the alloys is their melting points and phase
diagrams (alloys form phase diagrams in between which shows different
temperatures). In those manners alloys differs from the pure metals. Their melting
point in most cases changes and is not a single.pOmtthe contrary there is a
melting range where alloy consists of both solid and liquid phases in that range. For
this melting range there are designations for started and completed points. These
points are called as solidus for the beginning of meltmdylmuidus temperature for

the completing of melting. On the other hand majority of alloy have at least one
special composition where in that composition alloy shows a single melting point.
These compositions are called either eutectic or peritectic cgns.

T EUTECTIC '
o
o3
Eul o M
=3 : g
a a+p !
|
|
| EUTECTIC
1 COMPOSITION
100% A % AB 100% B
Figure 7. Binary phase diagram showing eutectic composition.

Additionally, alloys with those compositions are called as eutectic alloys and
peritectic alloys. Namely, eutectic alloys consist of at least two matehakuch

all oyo6s p hsaesfigured| alloywitla ancomposition other than eatic

mixture starts to solidifyits components solidify at different temperatures forming a
plastic range as mentioned above. On the other hand, a eutectic mixture melts at a
single melting temperaturéyht from solid to liquid. In such phase diagrams of those
alloys different phase transformations occurring at the solidification can be analyzed

by taking a vertical line in the phase diagf@m

12



Another composition which was mentioned is peritectic composition. Peritectic
transformation can be defined as the opposite of eutectic transformation somehow.
Figure 8 shows a phase diagrdar the alloys having peritecticomposition, the

phase transformation happens in between one solid phase and one solid and liquid
phase. Due to the reason that single solid phase forming at the interface between two
reactants, a diffusion tape can occur and this may cause the trarigforpraceed

more slower than eutectic ones. For that reason, lamellar structure observed in the

eutectic transformation i s not seen in
Liquid, L
a+l
= Peritectic
o A-rich point
= solid, o \‘
©
[¢b}
[@X
£
Q s
|_
a+0 Solid o0+B
)
B
A wt % B
Figure 8. Binary phase diagram showing peritectic transformation.

2.2.3 CuNiSi Alloys and Their Properties

Copper alloys in general can be defined as the sttmt are able to be heat treated.
Copper alloys can provide high strength, high electrical conductivity, high thermal
conductivity and several mechanical features. From thesghanical features, high
strength especially is achieved by the precipitates of seguoase particles in the
alloy. On the other hand, conductivity is also affected from the distribution of the
precipitates. These precipitates should be arranged sadiffithent heat treatment

and other thermomechanical procedures, they are fine and uniformly distributed

13
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throughout the matrix of the alloy. There are several commercially important copper
alloys which are researched throughout the world. These alloyisrigdly be listed
as CuCrZr, CuNiBe, CuNiSi ef6]

However, in detail there is a different face of the copper and its alloys. In some cases
copper and its alloys does not pider both strength and electrical conductivity at the
same time at desired levels. To overcome this inability extensive work on the case is
being carried out by the researchers. To exemplify this subject matter, connectors
working under high load of currenain be taken into consideration. These connectors
need high conductivity features from the materials that are made of. However,
copper alloys with high strength are not able to provide high conductivity values as
they are in pure or low alloyed states.eTiollowing figure shows the variation of

strength with the electrical conductivity of copper and its alloys.

60
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Figure 9. Copper and Copper alloys: Electrical conductivity versus yield

strength10]

If the figure is analyzed, it can be seen that CalB®ys and Corson type alloys can
satisfy both strength and electrical conductivity needs. Among these alloys, CuBe

all oys are one of the highly preferred
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mechanical and electrical conductivity properties. CuBe alivgsmaybe the best

suited materials for those kind of applications. In the areas where electrical
conductivity is essential, without losing strength or other mechanical properties.
However, there is a drawback f owxicity. he usa
Due to its toxic behavior in the production process and addition to the low stress
relaxiation performance, CuBe alloys in recent years are not preferred in the intended

applications.

Mainly because of the toxicity, other untoxic copper alloys ewantensely
investigated by the researchers. With these attempts to replace CuBe alloy, CuNiSi
alloy has been developed. CuNiSi alloy shows good electrical conductivity along
with high strength. Additionally, it is a nontoxic material. In the CuNiSi alloy,
composition ratios of the Ni and Si is very important to strength values. To improve
strength, generally alloying element amount is increased; however this may result in
the loss of electrical conductivity. The reason for that may be the precipitates of t
second phase particles. If these precipitates cannot reduce the solute content in the
matrix due to excessive amount of alloying element, the conductivity of the alloy is
highly affected in a negative way.

The important aspect in the production of C8iINs the appropriate heat treatment.
Heat treatment process in these alloys is essential for the precipitations for the
precipitation formation, which directly affects both strength and electrical
conductivity. In the following figures binary and terngrlyase diagrams are given

for CuNiSi alloy.[11]
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2.2.4 Copper

With the discovery of Copper, metals become practical to be used in several
applications in human life. Contrary to gold, copper is not found in nature in its
elemental form. It needs to be presed (smelted) to get the pure copper metal.
Copper actually is believed to be used at least for 10000 years. Since copper ores
need smelting to obtain pure copper from, it is not known for sure how and when the
first men discovered #seprocesses. Howevethere are several scenarios how this
discovery may have occurred. To give one example, it is said that one prehistorical
Egyptian dropped a copper ore to glowing fire and then copper got smelted so
Egyptian saw the leaking copper with shining dropletspite of this explanation, as

it was stated earlier, the exact date and scenario is not known to us how copper got

smelted for the first time.

When it comes to present days, copper is highly preferred basically in the
engineering applications. Coppisr known to possess certain unique qualities that

make it one of the best engineering materials. These are:

High thermal conductivity
High electrical conductivity

Excellent ductility andtoughnessover a wide range of temperatures

To T To Tx

Excellent corrosionresistancein many different environments

Detailed specifications of Copper as an element are also given in the following table.
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Table 1. Copper Element

Atomic Number 29
Atomic Wight 63.546
Atomic Radius 135pm
Melting Point 1356K
Boiling Point 2868K
Density at 293 K 8.96 g/cm
Magnetic State diamagnetic
Heat of Fusion 1326 kJ/mol
Heat of Vaporization 300.4kJ/mol

Copper can easily be given intended shape similar to soft metals like gold and silver.
With the cold and hot rolling operatiomepper can be made so thin even thinner

than human hair.

Apart from its ability to easily get shaped copper is a high electrical conducting
material. Actually, it is one of the best after silver and gold. As mentioned above
copper holds several superigatures for the mechanical applications. On the other
hand,silver is a better conductor but it is expensive than copper. So copper and its
some alloys (one of them was studied in this thesis) are highly preferred in the

applications where electrical camttion is importarji4].

2.2.5 Nickel

Nickel is also another metal which is in use for humankind for long as far back as
3500BC. It is believedn the old times Nickel has been used as a natural meteoric
alloy with iron. In the recent past Nickel was first processed and named as a
chemical element by Axel Fredrik Cronstedt in 1751. Actually, he initially thought
the nickel was copper mineral, bilen with further studies he has made it clear it

was not copper mineral.
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A source of nickel for the economic value is the iron ore called limonite, generally
containing nickel with 1 to 2%. Garnierite and pentlandite can be named as other
Ni c k e | réast oré mnemls.

Nickel is also a ferromagnetic element at room temperature with other three elements
which are iron, cobalt and gadolinijfi®]. The nickel metal is very important
nowadays for the alloy production. Fora mp | e, Ni ckel s nearly
used for producing stainless steels (niektekls). Nickel is also important for several
microorganisms and plants in the manner that they have enzymes as an active site
with nicke[16].

As briefly mentioned above nickel provide corrosion resistance and for that reason it
is preferred to cover and protect other metals. Howevekehis mostly used for
producing alloys namely stainless steel. To illustrate nichrome can be given as one
example which consists of nickel, chromium with small amount of silicon,
manganese and iron. It is resistant corrosion up to higher temperaturessso i

preferentially used in toasters and electrical ovens.

Another alloy of nickel with copper is mostly used in desalination facilities. Also
steels which contain nickel is preferred in defense industry as armor plating.
Additionally, another major usef mickel is energy storage units as daily use
batteries. They can be produced as rechargeable with nickel cadmium [@Gitent
Furthermore, several elemental properties of nickel arengimethe following
tablg15][16].
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Table 2. Nickel Element

Atomic Number 28
Atomic Wight 58.6934
Atomic Radius 145pm
Melting Point 1728K
Boiling Point 3003K
Density at 293 K 8.908g/cm3
Magnetic State ferromagnetic|
Heat of Fusion 17.48kJ/mol
Heat of Vaporization 379kJ/mol
2.2.6 Silicon

Silicon has been very important throughout the history of humans, even one of the
most useful materials. It is mostly used to produce alloys like alumisilicon,
ferro-silicon, coppersilicon etc. When elements are listed in terms of abundance
Silicon cmmes as the eighth element throughout the world. Although it is that much
abundant in the earth crust it is very rarely found as the pure form. . It is most widely
distributed in dusts, sands, planetoids, and planets as various forms of silicon dioxide
(silica) or silicates. Over 90% of the Earth's crust is composed of silicate minerals,
making silicon the second most abundant element in the Earth's crust (about 28% by

mass) after oxygen

Silicon element is also the core material for producing silicavi@sh are highly
preferred even in our daily life. These silicones are maide carbon, hydrogen,
oxygen and silicon itself. Silicone is a kind of elastomer which is a rubber like
material. Furthermore, as another area of use of silicon is electrodicsiry. In
computer and microelectronics sectors it is highly used for a semiconductor in solid

state devices. For these kinds of usages silicon is needed to be obtained in purest
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form possible. Also some little amounts of boron, gallium, phosphorus emiarns
added to regulate its conductivity features.

Despite most other minerals, silicon is generally used commercially without
processing to separate, and usually as the natural mineral. For example, in civil
engineering applications silicon is also iamportant asset. In detail, sand and clay
which are the raw materials for the production of concrete and cement comprised of
silicon dioxide, silica, aluminium silicate respectively. On the other hand, granite and
mostly the rocks are composed of silicatégditionally, sand is the major ingredient

for making glass being one of the oldest materials in use of mankind. Silicon
carbides are also important abrasives and used in grinding application before

metallographic examinations.

The discovery of silicowas made in 1824 by the Swed
Berzelius. He has produced silicon by heating potassium with potassium
fluorosilicate. After this process he was able to reduce silica to its components.
However, the final product was including potassigiticide and needed to be

removed. He has solved that issue by mixing it with water making it react and

obtained pure silicon powd§t7]

When it comes t o si litisaoealetent withaomic cuamber pr o p
14 and symbol Si . ltds really hard and b
periodic table below carbon and above germanium, tin, lead and flerovium. Usually,

it does not easily react with other elements hawets affinity to oxygen is very

much high[18]. That s why producing Si in its g
was not able to do so until then. As briefly mentioned above, Si element is extremely
important for even for wr daily lives. Generally, it is used in steel refining,
aluminum casting and also in chemical industries as in its pure free form. Lastly, in

the following table Si[l®s chemical proper
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Table 3. Silicon Element

Atomic Number 14
Atomic Wight 28.085
Atomic Radius 111pm
Melting Point 1687K
Boiling Point 3538K
Density at 293 K 2.3290g/cm3
Magnetic State diamagnetic
Heat of Fusion 50.21kJ/mol
Heat of Vaporization 383kJ/mol

2.3 APPLICATION AREAS

2.3.1 Railway Applications

Cu alloys whicharethe main focus of thishesisstudy are highly preferred in the
railway applications. The reason for this choice is high strength, high electrical
conductivity and several other mechanical aspects as also explained in the previous
sedions. In the railway sector especially electrical conduction has primary
importance above anything (A related figure about the usage ratio of copper and its
alloys in U.S. is given below). This need mainly comes from the invention and
intensely usage ofigh-speed trains which operatesing an electric motor. This

need rose with the introduction of electric railways more than 100 years ago. Since
t hat ti me, visual appearance of the system
changed much. The electcétion system in the railway application means that
providing better quality electric power to the electric engine which moves trains
along with running all other electrical equipment like lightings;camditioning
system etc. In generahis electricconveying system comprise of several different

aspects which are feeding circuits of DC and AC feedings, maintenance and
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measurement of the overhead lines, power transition at substations. Furthermore, in
the last century, especially last several decacl@sent capacity, speed, safety and

conduction performance have greatly increfz@d

2%

16% Tonnes = 2,489,096

m Aesthetics

m Structural
Heat Transfer
Corrosion Resistance

m Electrical

Figure 12. U.S. Copper and copper alloy consumption by functional use by
201721]

As mentioned previously, the energy needed for trains are conveyed to it by the use
of continuous contact conductor. Additionally, this transfer is carried out while train

IS moving whichis alsoan extra change. Trains running with electricity obtain the
electric current with the help of bare overhead conductor wires. These overhead
systems are placed along the railway track. The current conveyed to the train is being
carried out by a tool called pantograph addition, the conductor wire working in

the procedure is provided by a catenary wire from above line. The overhead system

and pantograph can be seen briefly from the following picture.
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Figure 13. The overhead system and pantogi22h

Moreover, electricity powered trains need electricity anytime whether they move or
not. Therefore, overhead line and pantograph must always be kept in contact, or at
least in a reaching distance. This is essentialet@lile to provide better quality,
continuous power for the train. For these critical requirements, the overhead systems

are produced by taking into consideration following several critical aspects;

A Needs specific pr oper ttraire speed and curehte s peci f
demand.
A Needs optimum bending criteria, spring con

optimum height from the rail to regulate pantograph working characteristics.

A The vibration and osci hebdadbe minimizedfer t o wi nd
even currentransmissiorthroughthe pantograph.
A Maybe the most i mportant poi nt i's that th

overcome vibration, corrosion, heat, etc. in the operation.
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Lastly the catenary system which a¢so called as overhead line consists of the
followings;

A Contact wires

A Messenger wires
A Feeder cables
A

Dropper wires

2.4 RESEARCH STUDIES ONCUNISI ALLOYS IN LITERATURE

Electrical conduction with the need of strength and several other mechanical
requirements has been an increasing need in the last century. This need has become
utmost importance in the railway industry for both its hard service conditions and
electrical caduction with the invention and fast advancement of electrical tf&ms.
achieve those goals,uCs preferred for its higher electrical conductivity in such
application areas. However, copper is not eligible for sole usage because of its lack
of several machanical properties mainly like strength. As also mentioned in the
above sections, copper is alloyed with several metals to improve mechanical
properties. These alloying elements can be listed as, Be, Ni, Si, Mg, Zr etc. Among
all the alloying elements,d@yllium is assumed to be the best suited material for such
applications, but its usage has been diminished due to the toxic effects of the
Beryllium to human health during processing. Moreover, in general CuNiSi alloy is
found to be extensively researchédough literature Thus, the literature review

focuses mostly on addition to the Copper other than Beryllium.

Monzen et al., 2006 has studied the alloy of copper with the addition of Ni, Si, and

also Mg. In this work 0.1 wt.% Mgdded and Mdree Cu2.0wt.%N0.5wt.%Si

alloy has been processed and studied. After casting the alloy different two treatments
were carried out which are solutionizing at 8Sor 2h. and the other 730 for

5min. and then water quenching in both cases. In the first casesizai has been
found to be 150 Om whereas the second sp
were work hardened by 20% and then aged at@®r different times up to 1150h.

Electrical conductivity with these treatments was measured %44 with Mgoedditi
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and 46% to 47% without Mg addition. The tensile properties and electrical
conductivity of the alloys aged 48D for 72 h. Also it is observed from the results

that the addition of Mg causes an increase in 0.2% proof stress and tensile strength.
Thus, tle 0.2% proof stress, tensile strength and elongation are reduced as the grain

size increases.

Some other researchers, tensile strength and electrical conductivity change (%IACS)

with respect to aging time has been studied. In the work of Xiao et al., @130t

rolled plates were solution treated at 920A
rolled by 70 % reduction in thickness, and
various durations. Through the study 1@ulwt.%Ni 0.5wt.%Si 0.2wt.%Zr alloy

has beerprocessed. It is stated that samples were solutionized € 9860 1.5h.,

quenched into water and then work hardened for 70% thickness reducing with aging

at 400,450 and 560 for different durations. The results revealed that tensile

strength and electral conductivity has increased rapidly in the first period of aging.

Following this tensile strength reverses its increase after some top value; however
conductivity resumes its increase. From the experiments it was observed that
precipitations in the allp forms at deformation bands due to work hardening.

Addi t i eNnSiphhsg obsetved as disc formation iFSNoccupied.

In another study, Jia et al., 2012, CuNiSi alloy has been produced from pure Cu, pure

Ni and pure Si. I nOwtt%ho¢ Ni and ISioagditisn hagsrbeed uct i on 1
made. Apart from other studies in this study, alloy has been forged through different
temperatures from 850 to 9%D After this process specimens have been

solutionized at 10T, in addition to compare the results #re solutionizing

operations has been carried out at 900 and@%ter these treatments XRD results

revealed three different phases as Cu(Ni,S4gNand N3Si.
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CHAPTER 3

EXPERI MENPIRQCEDURE

3.1 ALLOY PREPARATION AND SLAB CASTING

In this research studyroduction of the specimens wemgainly carried out using
melting and castingnethod. Casting is preferred mainly due to obtain and control
intended properties for final product. & generally used amapprovedmethod for
such applications. Firstly, the elements and amounts were determined to be cast into
molds and then appropriate raw materiabye obtained. Approximately slabs for
each casting were used each weighing roughlg.1Tkose slabs werebtained by
melting the chargen an induction furnace and pouringo permanent molds. These
molds weranade ofpurecopper. Additionally, molds wengreneated before pouring

to prevent any cractormationdue to high temperature déffence. If molten metas
directly poured intocold mold, due to too rapid coolingnicrostructuralchanges
effecting mechanical differences may occurDue to variation of cooling rate
difference in size and shape gfain, dendritic arm spacingnd intermetallic
formation can be observed. Therefore, each of these variaidgschange the
mechanical properties afast slabsMoreover, molds were designed to give 9 mm
thickness 30 cm length and 3 cm width castiridgeycan be seem Figure 4 and

also molds can be seen iglre 1. Figure 16 provides a representative diagram.
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Figure 14. CuNiSi alloy slab after solidification

Figure 15. Permanent moldsiade of pur€Coppe during preheating

Molten metal

Cu mould

ﬁ

Figure 16. Schematical representation of casting process.
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3.1.1 Induction Furnace

In this study,an induction furnace was used for melting and casting. In induction
furnacesmetals are heated by electromagnetic induction. This melting occurs by the
heat generation in the metal due to electricity conducting behavior of metal.
Induction heating is a somewhat different type of process than conventional type of
heating furnacedn this system there is no contacherehigh frequency electricity
current passing through coils generates magnetic field. This magnetic field changes
so quickly that results in the metal 0s
main principle ofinduction melting is that a high voltage electrical source from a
primary coil induces a low voltage, high current in the metal or secondary coil.
Induction heating can simply be named as a process of conveying heat energy. The

energy transfer occurs sippl due t o met aFgore I7,rpmeessing anc e .

steps of an induction furnace is given.

Charge
preparation

Charging Melting Getting the melt

ready

Pouring into Mold

Figure 17.  Induction furnace melting. castirg steps

In the following figure, induction furnaces that were used for melting and casting
CuNiSi specimens into molds aseen.Melting processs were carried out around
1350°C. Additionally, Figures B and 19show the melting and casting processes
through this study.
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Figure 18. Induction furnaces used in this study

Figure 19.  Melting with induction furnacand Casting into mold
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3.1.2 Alloy Composition and Preparation

After casting of slabsnto molds, specimens were prepared for spectral analysis to
find out their final chemical compositions. The chemical composition of the CuNiSi
alloys studied in this work is given in table 4. Radlly, alloys contain around 0.6

wt.% Si, 1.9 wt.% and the rest Csincecopperbeinghighly conductive but ladkg
mechanical properties, it is alloyed wili and Nimetals. These alloying elements
improve its mechanical behaviors as mentioned in teei@us chapters. Howevaet,

is importantthat with every percenaddition of alloying elementconductivity of
copper decreaseh this case, several processas beapplied to minimizelecrease

in conductivity andevento recover it.

Table 4. Chemical composidn of CuNiSi alloys. (Spectral analysis in wt. %)
Cu Ni Si Pb Sn Fe P

Bal. 2.23 0.34 0.094 0.21 0.087 0.36
Table 5. Chemical composition of CuNiSirFe alloys.(wt. %)

Cu Ni Si Cr P Fe

Bal. 2.4 0.6 0.45 0.25 0.15

3.2 HEAT TREATMENT

Within the concept of this study, mostitical part is the thermomechanical
processes. This is due to the reasons explained in early chapters. From precipitation
hardening to recrystallization vital changefsinternal structure othe alloy occur

during mechanical processes ahédat treatment. As can be seen from the following
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figures several heat treatment procedures were applied to CuNiSi alloy samples.
Each of the samples have been solutionized a9808C for 2 hours. After this high
temperature sotionizing step, samples were water quenched followed by
subsequent recrystallization heat treatment. This heat treatment took placé€Cat 730

for different durations.

Solutionizing

CuNiSi
Heat Treatment

Temperature

aging

Time

a)

Figure 20.  a)Brief heat treatment process of CuNipHeat treatment furnace

32



Phase diagram Precipitation hardening

Precipitation

- L
* >

Heat treatment

Solution

=
>

Heat treatment

Temperature ('C) —»

______ — - ——
I
--"".?
Quenched | : Air cooléﬁ

Composition —» Time —>»

Figure 21. Schematic representation of solution and precipitation heat treatments

3.2.1 Cold Working

Cold working is amechanical proceghat is being usetb deformductile metals.

The working operation is carried out teduce section thickness and to make it
harder and stronger. Sometimes the process is also named as work hardening. The
name cold comes from thiemperature at which the process occur$ waspect to

room temperatureGenerally, most of the metals can be cold worked at room
temperature. Sometirmecold working is expressed as percent cold work to show the
degree of plastic deformation the metal experience. This percent cold work is

expressed as;

PO w —— Gp T 16]

where A is defined as the original area of the cross section that is subjected to cold
working and Ais area measudefollowing the deformationSpecifically, slabs were

cold rolled from thickness of 9mm to 3mm with several passes in this study.
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In this study, cast CuNiSi alloys were cold worked aftelutionizing and water
qguenching The cold working operation has Ineearried out in the rolling machins a

can be seen in the followingdtre 22.

=/ {
- o

Figure 22.  Rollingdevice used to reduce section thickness of slabs

3.2.2 Hot Rolling

Hot rolling operatiorwascarried out to observe both recrystadlions with the work
hardening effect. In this study hot rolling operation has been applied to several
specimens at 750 and 8D The same rolling device was used for this proesss

well. The specimens have been heated up to the desired temperaturegréhat
mentioned before and then they were work hardened in the rolling machine. Again
for those specimensvork hardening percentage has been kept as the same as cold
worked ones. Afterwards, the specimens were prepared for microstructural analyses,
mountel into bakalites. Their grain sizes were measured and the results were
compared with the other processing routes. The resulting microstructures from this
procedure have been observed to be highly different ttheoold worked ong In

the sense that thejrain sizes have been found out to be much bjggerSome of
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them are given in the following figures. (Average grain sizes 20m&and 181.7
OmDue to these poor results compared to

have been conducted by hot rolling. So themoisnore results or discussion related

with hot rolled specimens.

Figure 23.  Microstructures of the hot rolled samples

3.3 CHARACTERIZATION AND MECHANICAL TESTS

As this study is mainly concerned witthe mechanical improvements and
conductivity performance of the related alloy, several characterization techniques
and mechanical tests have been applied. With these operations from resulting
microstructure to electrical conductivity value mechanical Wens of the alloy

have been revealed. These experimental methods are explained in detail as follows;

3.3.1 Optical Microscopy

Microstructure examinations of specimens were carried out after they have
undergonethermomechanical treatmeptocesses. The charadization of CuNiSi
alloys were done by the help of optical microscopes. Each sample was prepared by

means of metallographic specimen preparation methods. The samples were prepared
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following standard metallographic procedures. To be able to make obsesvatio
conveniently for every specimen, they were mounted into bakalites. Following
mounting operations into bakalite, specimewnsre grinded either with automatic
grinding machines or with manuaand paperswith grade up to 2000 mesh.
Furthermore, the sameavere subjected to ADs polishing paste for clean surface

in order toexamine themicrostructurs. Then, the etchant (5 ml FeGt 20 HCI +

100 ml HO) was used to etch until about 1.5 minutes for the polished samples to be
able torevealthe precipitate and grains clearly. Following the etching operation,
surfaces of the samples were washed with water and cleaned with alcohol for any
debris Hence, samples got ready for optical microscopy observations for their

microstructures.

For microstructural evaation an SOIF XJR 6A optical microscope was used. A
picture showing this microscope is given in fig@de With this optical microscope
several pictures were taken from different points of each sample. In addition, grain
sizes in the samples were masl by the help of special software which is
Dewinter Materials Plus 4.By this software it was possible to make comparisons
between every processing routes as precisely as possible.

Figure 24. SOIF XJPi 6A optical microscope
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3.3.2 Scanning Electron Microscopy

Scanning electron microscopy analysis has been used in this study. This process has
been carried out mainly for observing the precipitates in the structure and also to
determine the compositions. FEI NanoSEM 430 Field Emission Scanning Electron
Microscope(SEM) was used for characterization. Sample preparation is the same as
for optical microscopy analysis. Moreover, a thin gold layel@nm) deposition

was made onto the samples in order to prevent charging and image vibrations.

For the compositional alysis EDAX SSD Apollo10 Detector with EDAX Genesis
6.0 Analyzing Software has been used. This detector is attached to SEM. Energy
Dispersive XRay Spectroscopy (EDS) was used with 6.0 spot sizes. For SEM

analysis, accelerating voltage of 20 kV was preterre

3.3.3 Hardness Test

With the alloying element addition and several thermomechanical treatments result
in a change of hardness. To ob®e this change and control ithardness
measurements were carried out throughout the study. Samples were cleaned for
hardress measurements and their hardness values were measured. In this process
Brinell scale hardness values were obtairtatdness experiments were carried out

with 2.5mm diameter indenter and 187.5kg loAtterwards these hardness values
were compared witleach other as well as grain sizes of the samples. Several
different hardness versus grain size diagrams are presented in the following chapters.
This change and variation has been closely monitored to meet one of the goals of this
study to obtain aroundODHB hard alloys. In the following figures, hardness

measurement devices used in this study can be seen.
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Figure 25. EmcoUn é v e it a | Bardness Testéng Macheéne

3.3.4 Bend Test

In order to observe the formability limits of the allb8@ bending test waapplied.

Near final shaped specimens were prepared and each of their surfaces and edges
were ground well enough to eliminate cracks and notches on the surfaces. This is
also essential since remaining cracks and notches behave as crack initiation points
leading further material fail. Following the cleaning operation of the surfaces
samples were bended P8@s shown schematically ifigure . The bending
operation was carried out with mandrels to obtain the final shape. This final shape

can also be seen froRigure 26 and 27 having 4cm foot opening.
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180° bending

e O\
-

Figure 26.  Schematic viesof 18® bending test[24]

T:3mm

Additionally, with the results obtained from bending testcBpens were cut into
desired shapes and further inspectibage been carried out. In theyire 27, actual

bend shape of the CuNiSi alloy can be seen. One of the aims of this study was to
achieve this geometry without any flaws, cracks or etc.



Figure 27.  Pictureof 180 bent CuNiSi alloy sample specimen which will be used

as catenary grip

3.3.5 Electrical Conductivity Test

Electrical conductivity measurement is also highly important in this study. This is
mai nly due to CuNi Si all oyébs area of wusage.
chapters, this alloy is and mainly copper alloys are being preferred in the areas where
electrical conductivity performance is so important. For that reason, one of the main

focuses of this work was to improve electrical conductivity of this alloy with

achieving other mechanical goals. The electrical conductivity aim in this study has

been to ahieve at least 380 %IACS value. The IACS word is an abbreviated form

of The International Annealed Copper Standard. The International Annealed Copper
Standard (IACS) sets standardization for the commercial pure annealed cooper. This
standard has beenuinoded at 1913 by the International Electrotechnical Commission.

The Commi ssion stated, at 20AC, commer ci al
of 1.7241x168ohmmeter or 5.8001x107Siemens/meter to be denoted according to
conductivity[25]

40



To be able to maka comparisorfor the conductivities for copper and its alloytsis

mainly expressed in terms of %IACS. To exemplify 5.8001x107S/m is expressed as
%100 IACS at 28C. So for conveniencall other conductivity values are referred

back to that IACS system. For example, iron hgvin04 x 107 S/m conductivity

value calculated as 18% of that of annealed copper. So this conductivity is reported
as 18% | ACS. As an interesting informat
measured as slightly over 103% IACS. The reason for that hereatlvanced
production techniques that can remove impurities and achieve high purity copper.
Therefore, this results an increase in the electrical conductivity of pure copper with
respect to 1913 values.

Inthiswork bothas ast sampl esdt advdwliiioll hpredwnde
different mechanical and heat treatments conductivities measured. Through this
study conductivity values ranging from-85% IACS have been aimed.

Figure 28.  Electrical conductivity test device used for IACS% measurements

The IACS% measurements in this study were very much important as mentioned in
above sections. The device used in these tests for measurement of IACS% values
was NDTFKITS/EE0022. Also a picture of the device is provided in Figure 28.
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Additionally, the calibratn certificate letter is given in the appendix section that

approves devicebds correct measurement .

3.3.6 X-Ray Diffraction

X-ray diffraction (XRD) method relies on the principle of diffraction efa¢ within
characteristic order created by atomic pattern pecgic crystalline phase of a
material. This diffraction profiles for each crystalline phase specifies a crystal like a
finger print. XRD method does not demolish the sample and it provides an analysis
for samples even in much small amounts. For the ainobserving formed
precipitates and second phases, XRD analysis technique was used. The heat treated
samples has been sent teRdy diffractometer for phase analysis:R&y analysis

has been carried out with Rigaku D/Max 220PC (Rigaku Corporation, Td&pan)

XRD instrumentwhi ch uses CuKU. Additionall vy,
done performed between28 0 U wi t h t he Ymiccanni ng r ate
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CHAPTER 4

RESULTS AND DI SCUSSI| ON

In this chapter, the results that have been obtained by the experiments mentioned in
the previous chapter apresentedThe CuNiSi alloy which is produced by melting

& casting method has been subjected to several operations. These operations can be
listed as cold & hot rolling, different heat treatments including aging. After such
methods performean the alloy, resulting mechanical and microstructural values
have beerstudied Furthermore, characterization, hardness measurements, electrical
conductivity \alues, XRD results are presented in the following lines. Besides,
obtained results have been discussed in terms of reati@agned goalsln general
lowering grain size between BDO m 150HB with %50 IACS were aimed. To
achieve these goals, differenecrystallisation and aging time heat treatment
processes have been applied. Together with these, cold rolling operation of 70%
thickness reduction right after solutionizing have been conducted on every

specimens.

4.1 METALLOGRAPHIC OBSERVATIONS

In this thess study microstructural observations have intensely been carried out.
Throughout the study one of the maima was to make the grains smatioughto

obtain a fine distribution. In this section detailed information will be given about
these efforts by peenting detailed microstructure pictures and comparisons of the

grain sizes. Additionally, with respect to hardness valuas gize evaluations are
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made. In the following two subsections CuNiSiand CuMiSi Fe al |l oys®é result

presented.

4.1.1 CuNiSi Alloy Microstructures

Figure 29. Cast mcrostructure of CuNiSi alloy

In Figure 29,cast microstructure of the produced CuNiSi alloy is given. In the

picture there can be seen red circles around the gthose circles come from the

computer software used to measure grain sizes which is Dewinter Materials Plus 4.1.

I n the ascast form the average grain size h:

further processing this grain size has been reduced to smathdrers.
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Figure 30.
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Figure 32.  Annealing time versus grain size chart samples annealed € Z3l
aged at 458C for 30min

At Figures 30, 31 and 2, microstructure pictures and grain size comparisons of

CuNiSi alloy samples according to their heat treatmentprasented. The samples

in each case have been solution treated @ f6r 2h after casting into permanent

molds. The samples were water quenched immediately after that first heat treatment.

Following quenching, 73C recrystallization heat treatment wasrformed for

every specimen in different durations respectively. As can be seen from the bar chart,

the sample which has been recrystallized at 120nahs the smallest grain size.

The31Om grain size may have resulwted® from hig
and 100min.
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Figure 34.
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all aged at 480 for 45min
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Figure 35.  Annealing time versus grain size chart samples annealed € Z3l
aged at 458C for 45min

Figure 36. Specimens recrystallized a?30°C for 90, 100 and 120min
respectively, all aged at 480 for 105min
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Samplegecrystallized for different durations at ?80and aged for 45min revealed

the results presented above. It is clear from the bar chart that smallest grain size

sample has been 100min recrystallized one. Despite the grain size obtained at

previous compartgn samples were different, in this set of samples smallest one

found to be the 100min sample.

Grain size{um)

Figure 37.
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This set of samples grain size measurements which were recrystallize@@tf@s0

90, 100, 120min respectively and all aged at°@5@r 105min resulted in a
consistent way with the first set of samples. Namely, in both residtslgarly seen
smaller grain size is observed ihe samples recrystallized at sufficiently longer
times to complete new, equiaxed and small gfammation This is an accurate
finding since it is known from the theoretical background that the maiorfact
influencing grain growth are temperature, solutes and particles, specimen size, and
texture [26]. With theseresults,it has become clear that with only changing heat
treatmenttime, distinct changes can be observed inside the microstructure as
expected. Additionally, in the followg results it would be seen clearly how even

different sets of samples reveal similar data.

Figure 39. Specimens recrystallized a?30°C for 90, 100 and 120min
respectively, all aged at 480 for 135min

50



00
o
]

74,2

Grain size{pm)

= ul )] ~J
[wn] Q (] [wn]
| | | |

w
o
1

24,9
T T T 1

85 90 95 100 105 110 115 120 125
Recrystallization time(min)

)
o

Figure 40. Average grain sizes wrt. recrystallization time for samples aged
135min at 456C
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Figure 41.  Annealing time versus grain size chart samples annealed € Z3l
aged 135min at 45C
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For the samples aged for 135min at #5@ollowing the heat treatmemrocess of

90, 100, and 120min at 73D, grain size comparisons can be seen from figdre

and 42 In the figure40 microstructure pictures of these samples are presented. Even
from visual inspection,it is obvious that as time passes in the recrystéltina
processgrain sizes get smaller. On the other hand, this reduction in the grain size
does not constantly continue. These are the nearest optimum temperature and time
ranges for this alloy and grain size. In the following setallofys, increasing rsults

of grain size are introduced.

C)

Figure 42. Specimens recrystallized a?5FC for 60, 90, 120, 150min
respectively
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Figure 43.  Average grain sizes wrt. recrystaiiition time for samples agmnd d

As mentioned previouslyjn the samples recrystallized at ?60 for several

durations grain sizes measured to B&, 23.9,32.6and36®m. These sampl e
not aged after recrystallization heat treatment and give data for 60d,29Gnd

150min recrystallization treatments gnlObviously, at 928C 2h solutionizing

treatment have been carried out for all the specimens. From the grain size chart, it

can be seen that after some time grain size increases distinctively as expected. In the
figure 4, data obtained from different set samples are presented. Those samples

have been solution treated at 820and following thisoperation,they have been

subjected to recrystallization process for 30, 60, 90 and 120min respectively.
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Figure 44.  Specimens recrystallized &®C for 30, 60, 90, 120min respectively

=2}
(=]
|

3,7

u
(=]
I

39,2

.

(=]
I

v —+ 26,2

Grain size(um)
] w
o o

| |
3]
o

=
(=]
|

o

30min 60min 90min 120min
a) b) c) d)

Recrystallization time(min)

Figure 45. Average grain sizes wrt. recrystallization time for samples a, b, ¢
recrystallized at 75
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Consistently with previous resultgrain sizes decreasen this set of samples.

However, there is one different outcome in #periment that is clearly seéom
120min sampleds grain size. By comparing
obviously come insight that after 120mmrain ske increases again. Actually, this

was also an expected resal it is mentioned irF.J. Humphreys, M. Hatheidys

paper26]. After that pointgrain growth results ifargergrains.
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Figure 46. Average grain size vannealingtime chart for 736C annealing

temperatureand 450C agingtemperature for different durations

The grain size change with respect to agtmge is plotted inFigure 46 Figure
showshow different annealing times with different aging times results in the grain

sizes can directly be observed.

4.1.2 CuNiSi-CrFe Alloy Microstructures

CuNiS+CrFe alloys with their compositions provided were cast into permanent
molds. Following this, several thermomechanical treatments were appl@ue$o
that are similar to CuNiSi samples. To stawith, all the alloy samples were
solutionized at 928C for 2 hours. Following this solutionizing process, samples were
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water quenched. After quenching, samples were subjected to cold working
operations in which the thickness reductions were approximately/@6Annealing
(recrystallization)processes at 730 for different durations were the next step for

these alloys. In the following figures and charts microstructural results are presented.

Figure 47.  Samples ecrystallized at 30°C for 90min and aged at 480 for 60

and90minrespectively

For every sample, 25 measurements were carried out to increase the accuracy of
average grain size measurements. In the alfiguge, samples recrystallized at
730°C for 90min and aged at 4%D for 60 and 90min are presented. As can be seen
from the followng chart, final grain sizes differ. The sample aged for 60mins gives

48.50 nwhereas 90min ageing yields 39.8&yrain size.
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Figure 48. Average grain sizes wrt. recrystallization timef samples
recrystallized at 738 for 90min, aged at 4%C for 60 and 90min

a) b)
Figure 49. Recrystallized at 30°C for 120min and aged at 4%D for 60 and
90minrespectively

In the Fgure 50, the samplesecrystallized at 73T for 120min,aged at 454 for
60 and 90min respectivelre given with their microstructural analyses. As can be
observed even without measuring, there are bigger grain areas compared to CuNiSi
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samples. These light cokxt, bigger grains are expected to occur due to incomplete
recrystallization. If they are compared side by side it can be seen even visually that

120min annealed sampleds | ight colored areas
% 47-60min aged M 31-90min aged
__100
£
L mmm mm = = N
E
2 80
S
S 70 -
=
S 60| eeeeS S S O o o . °
1]
m50 T T T T 1
0 30 60 a0 120 150
Grain size {um)

Figure 50. Average grain sizes wrt. recrystalition time of samples
recrystallized for 120min at 78Q, aged at 458 for 60 and 90min

Figure 51. The samplesacrystallized at 73 for 150, 180, 21@nin respectively
and aged at 451 for 9min

58



©35-150min M22-180min A 27-210min

220 -
3
£ 200 -
£
5180 1 mE W [ | O 0
s
3 160 -
% (oo ore L 2 ¢ ¢ L ] L J L
13' 140 T T T T T
= 0 20 40 60 80 100
1]
e Grain size (um)

Figure 52.  Average grain sizes wrt. recrystallization timeof samples

recrystallized for 150, 180, 210min at 780 aged at 45 for 90min

4,2 SCANNING ELECTRON MICROSCOPY OBSERVATIONS

4.2.1 CuNiSi

In this section, SEM pictures of several sgiemens are presentedhese samples

were solutionized at 99 for 2h; following this treatment cold rolling operation has

been carried out~ollowing solutionizing, sampldsave been annealed for different

durations at 73T and lastly the have been aged aguid50C for different time

ranges. Additionally, the pictures were collected for differeagnifications thaare

denoted for each picture.
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Figure 53. SEM image ofhe samplesinnealedat 73¢C for 90minand aged at
450C for 45min

In the SEM micrographs, precipitates formed during precipitate heat treatment were
aimed to observe. From the following micrographs these precipitates can be seen.
These second phase particles are mainly resporigittlee increased hardness of the
alloy. Ni and Si addition was made to achiesganeprecipitates to increase hardness.

As it is known previously, the hardness and electrical conductivity behaviors of the
alloys are highly affected from the deviations occurring in the microstructure in the
agingtreatment27][28]. In other respects, as briefly mentioned above hardness is
mainly depends on théne distribution and the size of precipitates as opposed to

conductivity which is controlled by the solute content in solid sol{2@jn

To continue with the results obtained from SEM examinations, several micrographs
together with some EDS (Energyspersive Xray spectroscopy) data gathered are
presented From these pictures and EDS data, the precipitate formation is clearly

seen and solute content which governs the conductivity can be interpreted.
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Figure 54. SEM image othe sample annealed for 120min and aged for 90min

Figure 55.  Another SEM image of 120min anneal@dmin aged sample
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Figure 56. SEM image ofthe sampleannealedor100min and aged fat20min

It can be deducted from the figure4 55 and56 that precipitates tend to form in and
near the grain boundaries for different heat treatment processes. This was an
expected finding sincdardness and electrical conductivity are greatly influenced
from the deviations occurring in the microstructure. Namely, due to grain size and
formation variationsin the microstructure, precipitates are prone to form near and
inside hese grain boundaries. Thus, this behavior affects the hardness and electrical

conductivity.

However, in some images of these samples it is observed precipitates are spread
across the matrix of the alloy. Actually, this does not mean second phasesgarticl
form only out of the grain boundaries. On the cawtras can be seen from figure

57, the precipitates form both in the grain armdong grain boundaries

simultaneously
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Figure 57. SEM image ofthe sampl@nnealedor100min and aged fa0min
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a) b)
Figure 58. SEM images othe samplesa) annealedfor 120minthen aged for
90min b) 75min aged, c) annealéar 100min then aged for135mid)30min aged
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