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Abstract

Investigation of Structural Characteristics
of Hot Extruded Leaded-Brass Alloy

Ji Eun Lee

Department of Materials Science and Engineering
College of Engineering

Seoul National University

The brass alloy (Cu-Zn-based alloy) exhibits excellent ductility, machinability,
and oxidation resistance, making it a widely used material for parts related to
complex shape processing in oil and gas pipelines, machinery, and ships. However,
for leaded-brass alloy (Cu-Zn-Pb alloy) containing lead, the hot extrusion process,
while advantageous in producing various products based on die shape and size,
introduces challenges due to the temperature rise caused by friction during extrusion.
Particularly, in the case of direct hot extrusion, the additional heat generated from
friction and plastic deformation results in various process-related defects. Therefore,
optimizing the extrusion temperature range is necessary to minimize process-related
flaws while conserving energy during extrusion.

This paper focuses on the investigation of the structural characteristics of the
leaded-brass alloy during hot extrusion, aiming to comprehend the correlation

between microstructure, mechanical properties, and machinability. Specifically, for



the industrially relevant CussZnsoPbs wt.% alloy, known for its superior

machinability, we meticulously observed the microstructure changes during hot
extrusion at different temperatures and specimen locations. The analysis revealed
variations in microstructural homogeneity based on the temperature regions where
extrusion occurred, considering the presence of the Widmanstétten structure in the
cast specimen. Additionally, we interpreted the mechanical properties, assessed
through Vickers hardness test and uniaxial tensile test, in relation to the
microstructural homogeneity. Finally, drilling tests were conducted to explore the
relationship between microstructure, mechanical properties, and machinability. The
results confirmed that extrusion at temperatures lower than the [ phase's
equilibrium temperature in the phase diagram was achievable with stable extrusion
within the single f phase region, even when subjected to heat during plastic
deformation. Furthermore, we identified that achieving an isotropic blocky a phase
with a uniform distribution of Pb particles played a crucial role in enhancing
machinability. Based on these findings, this paper is expected to contribute to the
optimization of the hot extrusion process for flexible brass alloys at an industrial
scale, effectively minimizing process-related flaws while conserving energy through

temperature control.

Keywords: Leaded-brass, Hot extrusion, Extrusion temperature, Mechanical
property, Machinability
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CHAPTER 1.

Introduction

1.1 Brass alloy

1.1.1 Definition and Characteristics

The brass alloy is a golden ductile alloy composed of Cu and Zn, and has the
advantage of excellent corrosion resistance, formability, and machinability, as well
as low cost.[1, 2] Due to these characteristics, it is widely used in the industry as a
material for machinery and ships, as well as parts related to oil and gas pipelines
such as faucets and gas valves that require complex shape processing. [3] In the brass
alloy, the Zn content is present in a wide range, and accordingly, different phases are
formed, thereby changing mechanical properties and machinability. Depending on
the composition, brass alloys are classified into three types: alpha-brass, alpha+beta
brass, and beta brass. [1, 4, 5]

Brass alloys can be divided into Low Zn Brass with 5 ~ 20 wt.% of Zn content and
High Zn Brass with 20 ~ 45 wt.% and show different physical and mechanical
properties depending on the Zn content. [6]

More specifically, as shown in Figure 1.1, when Zn is less than 35 wt.%, it is called
a-brass. The lattice structure of the a phase is face-centered cubic (fcc), and this
configuration in the lattice structure leads to low strength and high ductility. [4]

Therefeore, with these properties, the a-brass is commonly designated as cold
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Figure 1.1 Equilibrium phase diagram of binary Cu-Zn system calculated by

Thermo-Calc software using SSOL6 database.



working brass. [4]

In the range of the Zn content of 35 ~ 42 wt.%, the brass alloy exists as a dual phase
composed of face-centered cubic (fcc) a phase and body-centered cubic (bec) B
phase(which orders at temperatures below ~ 450 °C to form f”), which is commonly
denoted as duplex brass or o + B brass. [4, 7] Since the lattice structure of the -
phase which is BCC is much harder than the a-phase which is ductile FCC, duplex
brass has higher tensile strength and hardness than a-brass. [4] The S-phase has
lower resistance to dezincification corrosion than the a-phase, therefore duplex
brasses are often geat treated in elevated temperatures in order to decrease the -
phase fraction in the microstructure. Thus, duplex brass is occasionally denoted as
hot working brass. [4] The a-FCC phase has good cold workability and excellent
corrosion resistance, while the B-BCC phase has excellent plasticity at elevated
temperatures, so that complex geometries can be formed through deformation
processing. [7] Therefore, these duplex brasses, consisting of a + B phases, are
widely used in the plumbing industry to manufacture valves and faucets for
transporting potable water. [7] This is due to its good mechanical properties,
excellent corrosion resistance, and suitability for thermomechanical processing such
as extrusion, forging and machining. [7]

When the Zn content exceeds 45 wt.%, a new phase, y-phase, appears in the grain
boundaries on the microstructure and it makes the brass too brittle. [4]

A cutting process is included in the process of producing brass alloys being
processed into their final form, and therefore machinability is a very important
characteristic for brass. [4]

Therefore, in this study, in order to study brass alloys with excellent machinability
3



for use as faucets, the duplex brass area consisting of a + [ phases was investigated

closely, considering the characteristics of each phase in brass alloys.

1.2 Leaded-brass alloy

1.2.1 Definition and Characteristics

Small amounts of additive elements can be added to brass alloys to improve various
mechanical properties. Among them, leaded-brasses containing roughly 1 ~ 3 wt.%
of lead have been most widely used to improve machinability. This alloy has the
advantage of significantly enhancing the machinability through lowering cutting
force, reducing tool wear, improving chip breaking, increasing lubricity, and having
better surface quality. [4, 8-10] In leaded-brass composed of «, 8, and Pb phases,
the distribution and area fraction of the B phase and lead particles contribute to

limiting the grain growth and grain coarsening of the a phase. [11]



1.2.2 Role of Pb on machinability

There are two main reasons why leaded-brass has excellent machinability
properties, first because lead exists as a insoluble precipitate, and secondly, lead has
low melting point. Since lead has a positive heat of mixing with copper, it is insoluble
in the brass alloy and dispersed into discrete fine globule particles typically less than
5 wm, causing good chip fragmentation. [11, 12] In brass, the lead inclusion has a
spherical shape throughout the grain boundaries and grains. [13] Lead-favored
enrichment sites are mainly at the o/p interphase boundary. [14, 15] In addition, lead
has a low melting point and is mainly in a molten state during casting and hot
working processes, and tends to reduce surface energy by taking a spherical shape.
[14, 15] The reason why low cutting force is required when cutting leaded-brass is
mainly due to the deformation of lead inclusions segregated in the primary
deformation zone. [8] As shown in Fig 1.2, the highly deformed lead particles stretch
along the shear plane and change shape from globular to flake-like inclusions, acting
as crack initiators in the brass matrix, enforcing a discontinuous chip formation
process. [8] In addition, lead has a lower melting point (327.5 °C) than brass matrix,
and during cutting, the thin, semi-liquid lead film significanty reduces friction in the
cutting zone and it reduces cutting forces and tool wear. [4, 16-18] Lead segregates
throughout the entire microstructure, mainly at the grain boundaries due to their high
interfacial energy. [11, 17] This significantly reduces the shear strength, resulting in
improved chip breakage where small discontinuous chips are formed. [4, 17] And
that discontinuity promotes fast chip breaking, therefore, the cutting force and tool

wear are significantly reduced. [11]
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Figure 1.2 Graphical summary of observed mechanism related to enhanced

machinability of leaded brass alloys. [8]
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A closer look at the mechanism by which lead improves machinability during
leaded-brass cutting is as follows. The temperature of the primary shear zone is much
lower than the melting point of lead, and discontinuous chip segments are formed as
ductile fracture occurs along the shear instability leading from the tool’s cutting edge
to the free surface. [19] Shear fracture is initiated by the formation of voids at the
lead particles that arise from the combined stress of machining and differential
thermal expansion. [19] The major function of lead in the secondary shear zone is to
provide low-strength regions, where inclusions are stretched out in the chip and
provide internal lubrication when the chip passes through the rake face. [19] Lead is
drawn out of the cup lets formed during the secondary shear and deposited on the
tool surface, eliminating the tendency to built-up-edge formation. [19] The
temperature at the end of the contact zone exceeds the melting point of the lead and
lead globules deposit on the tool at the rear of the contact length. [19] This is also
related to a slight decrease in the rake-face force and secondary shear zone strength,

but the internal lubrication of lead has a dominant influence. [19]



1.2.3 Assessment factors and measurement of
machinability

Machinability is a complex concept that varies according to multiple parameters
and factors, lacking a precise and unambiguous definition. [4, 20] It is generally
described as the ability of a material to be machined, but its definition is not
straightforward due to its strong dependence on the product itself. [4] The
interpretation of machinability can vary among different machining operators,
adding to its complexity. [20] Jonsson et al.[20] categorized the intricate notion of
machinability into five main evaluation criteria: cutting force and power
consumption, chip formation, cutting tool wear, surface properties of the machined
workpiece, and environmental factors. [20]

Cutting force is directly related to the power consumption of the process, making
the evaluation of cutting forces an essential factor in characterizing the productivity
of the process. [4] Tool wear is directly linked to the tool’s lifespan, allowing for the
consideration of process efficiency. [4] In the industry, tool wear during brass alloy
machining is sometimes regarded as a minor issue and, therefore, not always
considered as an evaluation factor. [4]

In machining operations such as drilling, milling, and tapping, chip evacuation
plays a crucial role, making the assessment of machinability in terms of chip
formation highly significant. [4] The presence of undesirable chip formations can
substantially hinder chip evacuation efficiency. [4] The occurrence of long and
continuous chips poses a higher risk of entanglement within the machinery, leading
to obstructions in the cutting zone and potentially causing damage to the cutting tool,

workpiece, and the machine itself. [4]



The Pb content and dispersion of Pb particles have played a crucial role in the
machinability of the material, and a finer and more homogeneous distribution of Pb
particles has resulted in a stronger chip-breaking effect during cutting processes,
primarily offers the following advantages: Enhanced machining efficiency for
increased productivity, Reduced cutting forces, Improved surface quality of the

workpiece, and Diminished tool wear leading to prolonged tool lifespan. [21]



1.3 Hot extrusion process

1.3.1 Thermomechanical process

Brass materials go through various processing processes up to the production of
prototypes. Thermomechanical processing is certainly one of the most important
methods for conditioning final mechanical features of the plastically deformed
products. [22] Leaded-brass rods are produced by hot extrusion and drawing and are
used as raw materials in the production of a wide range of products from decoration
and architecture to electrical/electronic and structural systems. [3] In order to
manufacture metal products into desired shapes, mechanical working or forming by
plastic deformation is performed. [23] In the plastic working process, in order to
obtain the desired shape and size for metal products, ingots or billets are reduced to
make semi-finished products with simple shape. [23, 24] In general, it is divided into
hot working and cold working according to the processing temperature. And plastic
deformation of a material above the recrystallization temperature can be classified
as hot working , and below the recrystallization temperature as cold working. [23]
The process temperature is an important factor because desired results can be
obtained by properly and specifically setting the temperature of hot working

processes such as rolling or extrusion.
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1.3.2 Direct Extrusion

Since the extrusion process has more severe plastic deformation than rolling, it is
possible to make through extrusion what was not able to produce by rolling, and
because of the lower deformation resistance of metal at a elevated temperature, hot
extrusion is performed to reduce the large force required for extrusion. The process
of putting a billet into a container(chamber) and pushing it out through a die orifice
of the desired shape by applying high pressure to the ram is called extrusion. [23, 25]
This process is widely used in copper and aluminium alloys to reduce the cross-
sectional size of metal casting billets to produce bar, wire and tube. [23, 25]

It is divided into direct extrusion and indirect extrusion according to the moving
direction of the ram(stem) and metal flow in the extrusion machine. [26] In the case
of direct extrusion, since the billet moves, the frictional resistance between the billet
and the container wall is high. [23] Frictional stress existing at the interface between
the container and the billet generates heat, so the surface temperature of the billet
rises, resulting in a high tendency to form surface defects. Also, due to high friction

and temperature, the service life of the extrusion toolng is relatively short. [23]
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1.3.3 Factors influencing extrusion

Since the final product is produced through cutting after extrusion, machinability
is important in brass, and this machinability is greatly affected by hot extrusion
conditions. [25]

During extrusion process, the ratio of the crossectional area of the initial billet and
the extrudate is known as the extrusion ratio and it is mathmetically defined by:

Ay

Extrusion ratio,R = ™ (1.2)
2

Az is the initial cross-sectional area of the billet before extrusion and A is the final
cross-sectional area of the finished product after extrusion. In this research,
calculated value is 20.25 with as-cast billet of 180mm diameter and final extruded
rod product of 20mm diameter. This can be compared not by area but by diameter,
and the extrusion ratio according to the diameter ratio calculated with the specimen
in this study is 9.

The microstructure, texture, and mechanical properties of the extrudates are
notably influenced by two key process parameters: the temperature of the billet and
the extrusion ratio. [24] The material's flow stress or deformation resistance
decreases as the temperature increases. To capitalize on this effect, hot extrusion is
commonly employed for most metals. However, once the heated billet enters the
preheated chamber and the extrusion process begins, the billet's temperature during
extrusion becomes influenced by factors that generate heat within the billet and those
that transfer heat from it. Given these challenges, it is beneficial to use the minimum
working temperature that provides suitable plasticity to the metal. If the surface

temperature of the extrudate reaches the critical temperature where hot shortness

12



occurs, surface defects may arise. The temperature of the extruded part upon exiting
the die is a critical process variable that significantly impacts the quality of the
extrudate. Therefore, it is desirable to control the exit temperature of extrusion and

maintain a constant extrusion temperature at the exit point. [23]

1.3.4 Metal flow and extrusion defects

During billet extrusion, the metal flow pattern differs depending on the symmetry
of the die arrangement. [23] If the billet is longitudinaly bisected and the two halves
are joined together and extruded through an axially positioned die, the actual flow of
the cut billet will be the same as that of the uncut billet, but if the die is
asymmetrically arranged, the flow will clearly be affected by the cutting. [23] After
extrusion, the flow patterns were quantitatively evaluated based on the degree of
distortion of the grid. [23] The results revealed that the flow behavior of the billet
within the extrusion chamber undergoes distinctive changes depending on the
process employed and the material being extruded. [23] The primary cause of these
variations is attributed to the difference in frictional resistance between the billet and
the extrusion chamber wall. [23] It is classified into four types of ‘S’, ‘A’, ‘B’, and
‘C’ according to the order of increasing non-uniformity of the flow. [23]

Flow pattern ‘B’ occurs in homogeneous materials when significant interface
friction exists at both the container wall and the surface of the die and its holder. [23]
Friction at the billet/container interface slows down material flow in peripheral zones
while the central region experiences less resistance, resulting in a velocity gradient

across the billet’s cross-section. [23] This creates a large dead-metal zone that forms

13



at the die shoulders. [23] During extrusion initiation, shear deformation is
concentrated in peripheral regions, but it spreads toward the center as deformation
progresses. [23] This raises the risk of materials, along with lubricants, oxides, or
impurities, flowing from the billet surface along the shear zone and extruding as
defects into the interior of the extruded product. [23] Flow pattern ‘B’ is commonly
observed in single-phase homogeneous copper alloys that lack a lubricating oxide
film on the surface and in most aluminium alloys (Laue and Stenger 1981). [23]
Flow pattern ‘C’ is commonly observed during the hot extrusion of
inhomogeneous materials. [23] This flow pattern occurs when there is significant
interface friction, which hinders the flow of surface material similar to flow pattern
‘B’. Additionally, it can be present when the billet surface is exposed to chilling
effects from the walls of a cold chamber, resulting in a considerably higher flow
stress in the cold surface material compared to the hot material in the core. [23] As
a consequence of these conditions, the stronger material in the funnel becomes
plastic and undergoes severe plastic deformation, particularly in the shear zone, as it
moves towards the die during extrusion. [23] During the extrusion process, the stiff
shell and dead-metal zone experience axial compression, leading to the displaced
material from the outer zones following the path of least resistance to the back of the
billet. [23] Subsequently, this material turns towards the center and flows into the
funnel (Laue and Stenger 1981). [23] This flow pattern gives rise to an internal
extrusion defect, which manifests as an annular ring of oxide in the cross-section at
the rear end of the extruded product. [23] The defect is caused by the flow of oxidized
surface material into the extrusion. [23] Flow pattern ‘C’ is typically observed in the

hot extrusion of a + B brasses, and this is attributed to the cooling of the billet surface,

14



resulting in an increase in the flow stress in the surface regions. [23] Flow pattern
‘C’ will occur when a hard billet shell exists, and simultaneously, there is high
friction at the container wall. [23]

In this study, type ‘C’ and type ‘B’ are mentioned in Section 4.2.1.

There is a disadvantage that the process waste is 10~15% in extrusion, while
rolling is 1 to 3%. [23] In the hot extrusion process, the forward end of the extrudate
experiences minimal deformation, particularly when extruding cast ingots. [23]
Consequently, the cast structure of the material can persist in the central zone of the
extrudate, even at a high extrusion ratio (ratio of cross-sectional areas of unextruded
to extruded billet) of 15. [23] Thus, it becomes essential to remove or crop the
leading end of the extrudate to eliminate any potential defects resulting from the

retention of the original cast structure. [23]
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1.4 Thesis objective and strategy

In this study, a comparison of the microstructure of as-cast and hot-extrusion was
conducted to understand the change in microstructure during extrusion. In addition,
hot extrusion is carried out at a temperature slightly lower than the actual process
temperature, and a temperature range in which uniform materials are formed is
proposed through microstructure and mechanical property analysis. In addition, ‘C’
pattern and ‘B’ pattern were observed among the metal flow types of the leaded-
brass extrusion process, and this study intends to understand them separately. Until
now, previous studies have compared the temperature of the o + p region with the 8
region, but we have conducted experiments on different a +  regions, considering

that there is a temperature increase during direct extrusion.
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CHAPTER 2

Experimental procedures

2.1. Sample preparation

2.1.1 Fabrication of leaded brass alloy rod

Ingots of duplex leaded-brass alloy with a composition of 58 wt.% Cu, 39 wt.% Zn,
and 3 wt.% Pb, along with duplex lead-free brass alloy containing 60 wt.% Cu and
40 wt.% Zn, were produced using a high-frequency induction melting system (Pillar
Industries, USA) operating at 400 V and 500 kW. The fabrication process involved
the use of high-purity raw materials, including Cu(99.98%), Zn(99.98%), and
Pb(99.98%), to ensure compositional homogeneity. A schematic time-temperature
processing diagram of the casting and thermomechanical treatment processes is
presented in Figure 2.1.(a). To achieve compositional homogeneity, each as-cast
ingot underwent a heating process in the high-frequency induction furnace at 1070 °C
for 70 minutes. The as-cast Cu58Zn39Pb3 wt.% and Cu60Zn40 wt.% alloys were
then shaped into cylinders with a diameter of 180 mm and a height of 400 mm,
followed by air-cooling.

The subsequent hot extrusion processes were conducted at two different
temperatures: 670°C (0.82 Tm) and 730°C (0.87 Tm). Prior to the hot-extrusion
process, the ingots were heated up to 700 °C and inserted into a container of a direct
extrusion press (SMS group Inc., USA). The extrusion was carried out using a die

with a diameter of 20 mm, and the forward movement of the ram at 440 V and 1500
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Figure 2.1. (a) A schematic time-temperature processing diagram of casting and
thermomechanical treatment processes. Photos of (b) casting process with the sample
dimension of 180 mm (diameter) x 400 mm (height), and (c) hot-extrusion process

with the sample dimension of 20 mm (diameter) x 27 m (height).

18
M &gk



kW for 10 seconds. The extrusion process resulted in cylindrical rod-shaped
specimens with a diameter of 20 mm and a length of 27 m, as depicted in Figure

2.1.(c).

2.2 Phase diagram calculation

The pseudo-binary equilibrium phase diagram of Cu60Zn40 — Pb in Cu-Zn-Pb
ternary alloy system was calculated by Thermo-Calc software using SSOL6 database.
The calculated phase diagram was useful in understanding the phase transition and
monotectic reaction of brass and Pb. The equilibrium phase fraction of the alloy and
the composition of each phase according to the temperature were also confirmed

with a phase diagram and table.
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Figure 2.2. (a) Pseudo binary phase diagram of (CugZnao) - Pb alloy system and (b)
Equilibrium phase diagram of CussZnsoPbs wt.% alloy with one axis diagram for

amount of phase calculated by Thermo-Calc software using SSOL6 database.
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Tg’ Liquid#1 BCcC-B FcC-a Liquid#2 (Pb-rich)
cu Pp | zn Ml cu | pp zn [™*| cu  pp  zn T oy | pp zn |[Phase
890 |58.000| 3.000 | 39.000 1.000
885.8|58.000| 3.000 |39.000| 1.000 | 61.091 | 0.243 38666 Q
880 | 56657 4198 |39.145 0691 | 60400| 0371 39230 0309
870 54,6017 6724 ‘38,675 0403 | 60.019 | 0.499 739,4831 0597
860 52,6707 9604 ‘37,726 0262 |59.778| 0.618 739,605‘ 0738
850 |50. 739- 12.731 | 36.531| 0.183 | 59.610| 0.723 -39.667- 0.817
840 |48 734. 16.103 . 35.163 | 0.134 | 59.486 | 0.814 ‘ 39.699 ‘ 0.866
830 46,582. 19791 . 33627 0102 | 59.483| 0.817 ‘ 39 700‘ 0.898 . . 1628 | 96.878 | 1494
829.4 46,370. 19.890 | 33.740 | 0.000 | 59.311| 0.817 ‘39,872 0.992 [ . 1615 96,8777 1.508 | 0.008
820 59 311| 0.817 39.872 0892 1.501 | 97.108 1.391 | 0.008
810 [ | 59.338| 0.771 739,891‘ 0992 [ [ [ 1.391 97,3307 1.279 | 0.008
800 [ | 59.392| 0.679 739,929‘ 0992 [ [ [ 1.292 97,5317 1.177 | 0.008
790 59.418| 0.636  39.946 0.992 1.202 | 97.714| 1.084 | 0.008
780 59.442| 0.594 | 39.963 0.992 1.120 | 97.880| 1.000 | 0.008
770 59 465 | 0.555 | 39.980 0992 1.045 | 98033 | 0.922 | 0.008
766.06| 59 474 | 0.540 | 39.986| 0992 | 63806 0.705 | 35490 0.000 @ 1.017 | 98.090| 0.894 | 0.008
760 [ 59.349| 0.518 740,133 0961 83,7237 0.676 | 35.600| 0.031 [ 0.969 98,1717 0.860 | 0.008
750 [ | 59.147 | 0.483 -40.370- 0.913 53.590- 0.632 35.778- 0.079 [ 0.896 98.296- 0.808 | 0.008
740 . . 58.950 | 0.450 ‘40.600‘ 0.867 | 63.461 0.989 35.950. 0.125 . 0.829 | 98.413| 0.758 | 0.008
730 . . 58.757 | 0.419 ‘40.824‘ 0.823 | 63.334 0.549 36.117. 0.168 . 0.767 | 98.521| 0.712 | 0.009
720 . . 58.570| 0.389 ‘41,041‘ 0782 |63211| 0510 36,279. 0.209 . 0.709 | 98 623 | 0.668 | 0.009
710 [ | 58.386 | 0.361 741'.253- 0.743 63.0907 0.474 36.436' 0.248 [ 0.656 98.7177 0.627 | 0.009
700 [ | 58207 | 0.334 741,460‘ 0.706 62,9727 0439 36,589' 0.286 [ 0.607 98,8057 0.588 | 0.009
690 [ | 58.031| 0.308 741,660‘ 0670 62,8567 0.407 36,737' 0.321 [ 0.561 98,8887 0.551 | 0.009
680 57.860| 0.284 41.856 0636 | 62743 0376 36882 0.355 | 0.519 | 98965 0.517 | 0.009
670 57.691| 0.262  42.047 | 0.604 |62.631 | 0.346 | 37.022| 0.387 | 0.479 | 99.037 | 0.484 | 0.009
660 57.527 | 0.241 1 42.232| 0.573 |62.522 | 0.319 | 37.159| 0.418 | 0.443 | 99.105 | 0.453 | 0.009
650 [ | 57.366 | 0.221 742,4141 0.543 62,4157 0.293 37,292‘ 0.448 [ 0.408 99,1687 0423 | 0.009

Table 2.1. Equilibrium phase fraction and composition of each phase depending on
the temperature of CussZnssPbs wt.% alloy calculated by Thermo-Calc software

using SSOLG6 database.

21
s - i)



2.3 Thermal analysis

2.3.1 Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry (DSC, DSC 404 F3 Pegasus, Netzsch,
Germany) was employed to investigate the phase transformation behavior depending
on the temperature. It was first measured with an empty crucible and used as a blank
reference. The 12.3mg CusgZnssPbs as-cast sample was put in a Al,O3 crucible for
the measurement. The measurement was performed with a heating rate of 10 K min®

! for the temperature range from 150 °C to 1000 °C in Ar gas atmosphere.



Figure 2.3 (a) The overview of the differential scanning calorimetry (DSC; DSC

404 F3 Pegasus, Netzsch, Germany) (b) The detailed image of the sample carrier
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2.4 Structural analysis

2.4.1 X-ray diffraction (XRD)

The crystal structures and the constituent phase for each sample were identified by
an X-ray diffractometer (XRD; D2 phaser, Bruker, USA) with Cu Ka radiation at
room temperature. The experiments were conducted under a condifion of 620 mode

from 20 to 80 degrees and the exposure time was 1.5 seconds per degree.

2.4.2 Optical Microscope (OM)

To observe the microstructural characterization clearly, the specimens were
prepared from hot mounting, grinding, polishing, and chemical etching in order.
Specifically, grinding was performed using sanding sheet from 100 grit to 2000 grit
with water, followed by fine polishing with 6 um and 1 um with diamond
suspensions. Chemical etching was conducted with etching solution of nitric acid
and distilled water (1:1, 50 vol%) for about 3 seconds. Microstructure imaging
analysis was performed with an optical microscope (Nikon Eclipse LV150, Nikon,
Japan) and image analysis sofrware (ImageJ, Laboratory for Optical and

Computational Instrumentation; LOCI, USA).
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Figure 2.4 (a) The overview of the X-ray diffractometer (XRD; D2 phaser, Bruker,

USA) (b) The detailed image of the sample stages and detector
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Figure 2.5 The overview of the optical microscope (OM; Nikon Eclipse LV150,

Nikon, Japan)
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2.4.3 Scanning electron microscopy (SEM)

A field-emission scanning electron microscope (FE-SEM; MIRAS3, Tescan, USA)
observations were conducted using secondary electron (SE) imaging and
backscattered electron (BSE) detectors. The composition analysis was carried out

with energy-disperse X-ray spectroscopy (EDS; xFlash 6130, Bruker, USA).
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Figure 2.6. (a) The overview of the a field-emission scanning electron microscope
(FE-SEM; MIRAS3, Tescan, USA) and energy-disperse X-ray spectroscopy (EDS;
XFlash 6130, Bruker, USA) (b) The detailed image of the sample stages and detector

of SEM
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2.5 Mechanical analysis

2.5.1 Uniaxial tensile test

Uniaxial tensile tests were carried out using the universal mechanical tester
(Instron 5967, Instron, USA). For experiment, specimens were prepared in shape of
dog-bone type with a gauge length of 12mm. Uniaxial tensile tests were conducted

with a strain rate of 1 x 1073 s~ at room temperature.

2.5.2 Vickers hardness test

Vickers hardness tests were carried out using a microhardness tester (DuraScan 70,
Emco-test, Austria) under a load of 1kgf at room temperature. To minimize
experimental errors and obtain an average value, sixty points measurements were

performed for each sample.
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Figure 2.7 The overview of the universal mechanical tester (Instron 5967, Instron,

USA)
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Figure 2.8 (a) The overview of the microhardness tester (DuraScan 70, Emco-test,

Austria) (b) The detailed image of the sample stages and indentor
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2.6 Machinability drilling test

Machinability evaluation was carried out using a drilling tester (HITAP Servo
Tapping Machine HT300, HANSHIN ROBO TECH , Korea). The drilling tests were
conducted with a 7mm diameter PVVD TiN and TiAIN coated carbide drill (YSD 070,
YesTool, Republic of Korea). Specifically, experimental conditions were set as
follows: spindle rpm was 1500rpm, spindle stroke was 27mm, and drilling speed was
3mm/sec.

CusoZnaso Wt.% lead-free brasses with a diameter of 15mm and a height of 30mm,
hot extruded CussZnzsPbs wt.% leaded-brasses at each temperature 670°C and 730°C
with a diameter of 20mm and a height of 50mm. Experiments were carried out more
than three times per specimen. Then, the average value was obtained and evaluated
for comparison with respect to the samples under each condition.

During the drilling test, the rotational torque was measured at each data point, and
machinability was evaluated by determining how much the amount of load applied
during material processing was reduced in comparison with the maximum rotational
torque value 4.77Nm. In addition, chips generated during drilling tests were

collected and the morphology, size, and weight of the chips were analyzed.
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Tool Rotation

Figure 2.9. The overview of an in-house designed drilling machine (HITAP Servo

Tapping Machine HT300, HANSHIN ROBO TECH, Republic of Korea) and the

detailed schematic description of drilling operation for evaluation of machinability
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CHAPTER 3

Comparison of as-cast and hot-extruded
microstructure

3.1. Solidification and phase transformation of as-cast alloy

Figure 3.1 shows the OM microstructure images of CussZns9Pbs leaded-brass alloy.
As described in 1.1 to 1.2 above, the leaded-brass alloy is composed of a-FCC, B-
BCC, and Pb phases, which was also confirmed through the XRD peaks in Figure
3.2 The OM image shows that the a-FCC phase has a Widmanstdtten structure
due to the crystallographic orientation relationship between FCC and BCC.
Distribution of each phase can be confirmed through EDS mapping images as shown

in Figure 3.3 Since Pb does not have solubility in Cu and Zn, it forms immiscible

particles and appears in size of 1.8 + 0.5 um.

According to previous studies, it is known that lead prefers to be dispersed at
interphase boundaries with high interfacial energy. [11, 14, 15, 21] However, in the
case of as-cast specimens, lead particles were distributed not only at the a/f
boundary but also inside the a-FCC phase. There are previous papers that reported
this phenomenon[5, 27], the eutectic reaction during solidification of leaded-brass
forms spherical inclusions of nearly pure Pb along the grain boundaries and
throughout the matrix. This paper aims to understand the non-uniform distribution
of lead particles in as-cast specimens based on the solidification phenomenon.

Figure 3.4 schematically shows the microstructural evolution during the
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Figure 3.1. (a), (b) Optical microscope images of as-cast of CussZnzePbs wt.% alloy
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Figure 3.2. XRD pattern of as-cast of CussZnsgPbs wt.% alloy
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Figure 3.3. (a) SEM images of as-cast CussZnssPbs wt.% alloy obtained using
backscattered electron detector and (b)-(e) energy dispersive spectroscopy maps

showing the distribution of elements Cu (yellow), Zn (pink), and Pb (sky blue),

respectively
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Figure 3.4 Schematic descriptions of the microstructural evolution during the

solidification and phase transformation of as-cast CussZnsgPbs wt.% alloy
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solidification and phase transformation in the as-cast CusgZnssPhs leaded-brass alloy
of this study. The temperature in the below diagram is based on equilibrium, and the

B phase is formed in the liquid when the as-cast CussZnssPbs alloy passes
approximately 885 °C during the cooling process. As shown in Figure 3.5, it is
formed of chill zone, columnar zone, and equiaxed zone. In general, the
macrostructure of an ingot is composed of these three zones. [28] The columnar zone
was formed from [-phase dendrites surrounded and a-phase interdendrite around
it, and the dendritic arm appeared to be several tens of um. [29, 30] As the
composition of the residual liquid, which is 10% based on the equilibrium phase
diagram and 15% based on the non-equilibrium phase diagram, Figure 18,
approaches Pb 20 wt.%, it can be seen that phase transition from single g + Pb(l)
to B + a + Pb by monotectic reaction as shown in Figure 3.6(a). Then, a phase
change from B to a + B occurs and belong to the duplex brass region. Since the
microstructure is formed by the above process, the Pb particle content is quite high
in the liquid part that is solidified at the end. Figure 3.7 compares the distribution of

Pb particles through OM, SEM-BSE, and EDS mapping images observed for the
center, % position, and edge parts of the cross section of CussZnssPbs leaded-brass

alloy as-cast specimen. As a result, the content of Pb particle was 4.7% at the center,
2.8% at the quarter position, and 2.4% at the edge, confirming that the non-uniform
distribution and heterogeneity of Pb particles was high in the as-cast sample, and the
content of Pb particle was high at the center.

The microstructure of these as-cast specimens changes through a hot extrusion

process. In Figure 3.8, the microstructure of the specimen corresponding to the
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Figure 3.5 Photo of quadrant of the cross-section of an as-cast CussZnssPbs wt.%
alloy and the corresponding optical microscope image showing chill zone, columnar

zone, and equiaxed zone
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Figure 3.6 Pseudo binary phase diagram of (CusiZnao) - Pb alloy system calculated

by Thermo-Calc software using SSOL6 database.
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Figure 3.7 Optical microscope images, SEM images obtained using backscattered
electron detector, and energy dispersive spectroscopy maps obtained from the center,
Y position, and edge of cross-section of as-cast CussZnssPbs wt.% alloy; % position

indicates a position at a distance of d/4 from the center of the cross-section
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Extrusion direction

(a) Upper part Middle part Lower part

Figure 3.8 (a) A schematic description showing the upper, middle, and lower part of
extrudates, Optical microscope images of middle part of hot-extruded (b),(c)

CussZnsePbs wt.% alloy and (d),(e) lead-free CugoZnao wt.% brass alloy at 730 °C
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extrusion at 730 °C was observed through OM. (a) and (b) are for the CusgZnsoPbs
leaded-brass alloy, and (c) and (d) are for the CugoZnaso lead-free brass alloy. As a
result, Pb particles were distributed in FCC/BCC boundary and FCC annealing twin
boundary in hot extruded leaded-brass to form a uniform isotropic blocky structure.
This showed that Pb particle acts as a nucleation site and FCC phase growth inhibitor.
It is known that the a-f’ interphase boundary, which has a higher surface energy
compared to the a-a and B’-B’' boundaries, is the preferred site for the nucleation
of Pb particles. [11] The hot-extruded lead-free brass alloys shown in (c) and (d)
were formed with a Widmanstdtten structure due to the absence of such a
microstructure controlling factor.

Alloys with columnar structures decrease the ductility and formability because
strain transfer between grains is suppressed during plastic deformation. Great efforts
are required to prevent the formation of directional columnar structures and coarse
grains during solidification, including alloying additives for equiaxed grains and
inoculant treatment for refined grains. [13] When using the alloy in this as-cast form,
the formation of columnar grains should be avoided in order to increase workability

and reduce mechanical anisotropy. [13]
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3.2. Effect of Pb on microstructure of brass
alloy(CusgZnzsPbs wt.%)

Pb has no solubility in Cu and Zn, so it precipitates in interdendritic regions or
grain boundaries. [3, 29] In the as-cast state of leaded-brass alloy, Pb is non-
uniformly distributed, and this segregation promotes constitutional supercooling to
form dendrite. [29] The nuclei of equiaxed grains are formed during solidification in
a supercooled liquid away from the interface of different phases due to compositional
fluctuations of the melt or convection of the nuclei generated in the chill zone of the
dendritic arms. [13] The driving force for nucleation mainly comes from thermal
supercooling and compositional supercooling. [13]

The role of Pb in leaded-brass can be divided into three major categories: inhibition
of a phase growth, function as a nucleation site and reduction of grain size. First,
the annealing twin boundary generally has a low surface energy, and most of these
particles remained at the grain boundary during grain growth with little particle
precipitation inside the grain. This behavior was interpreted as the particles being
dragged by grain boundary migration, providing evidence for the slow growth of «
grains.

Second, the Pb particle is located near the annealing twin, suggesting that the Pb
particle might be the nucleation site of annealing twins. [11]

Thirdly, Pb reduces the grain size in brass alloys. [29] In addition, the size and
distribution of the Pb globule affect the machinability of the material, and it is known
that smaller and better dispersed Pb particles promote better machinability. [9]

In addition, fine and uniform lead distribution leads to less wear and better chip
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fracturing, facilitating the machining process, while excessive lead or non-uniform
lead distribution can cause surface cracks due to hot shortness during hot working,
therefore Pb needs to be uniformly distributed. [13]

The distribution of Pb globules is not affected by the extrusion process because Pb
is completely insoluble in copper and precipitates at the end of the solidification
process, and since lead precipitates at the end of solidification, their size and
distribution are mainly affected by casting and solidification conditions. [10, 15]
When Pb is not sufficiently dispersed in the microstructure and too large Pb globules
are present, bad cutting-saw behavior and high tool wear result. [10] The most proper
way to obtain a smaller and better dispersed Pb globule distribution is to use a higher

cooling rate after solidification. [10]
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Hot-extruded

Figure 3.9 Schematics of microstructure modifications and Pb distribution during

hot-extrusion (a) hot-extruded at a + 8 phase region and (b) hot-extruded at single

B phase region
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3.3. Summary

Pb is not soluble in Cu-Zn alloys and globular Pb formation appears at
interdendritic region or grain boundary.(T,, p, = 327.5 °C)

In the case of as-cast, liquid melting is perfomed at a high temperature of 1070 °C,
and therefore Pb particles are heterogeneously distributed due to high convection of
liquid melts. Heterogeneous nucleation occurs at the surface in contact with the mold.
Also, dendritic B-phase is formed from constitutional supercooling.

In the case of the hot extrusion process, it was confirmed that the globular shape of
Pb was formed at the a/f boundary when the heat treatment proceeded in the single
B region(T > 765 °C). This will be explained in more detail in Chapter 4.

In the leaded-brass extrudate, there are three effects of Pb on microstructure of brass
alloy, growth resistance factor of a-phase, nucleation site of a-phase, and reducing
the grain size. In addition, it is preferable to uniformly disperse small-sized lead in
terms of improving machinability, and for this purpose, a fast cooling rate after
solidification can be applied.

As a result of confirming the distribution of the Pb particles in the microstructure,
Pb particles also exist inside the 8 and a phases in the as-cast sample, and at the
alB phase boundary or annealing twin boundary of a-FCC in the hot-extruded

sample.
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CHAPTER 4

Structural heterogeneity induced by extrusion
condition

4.1. Extrusion temperature and position of sample

In evaluating the excellent machinability of specimens after hot-extrusion, in this
paper, (1) formation of uniform isotropic structure, (2) fraction of B’ phase, (3)
grain size of a-FCC phase, (4) uniformity of Pb distribution, which serves as a
lubricant during cutting are the main factors the analysis was focused on.

In order to analyze the impact on microstructure and mechanical properties in the
extrusion process, two variables were systematically varied. The experimental
inveestigation involved the preparation of a total of six sample conditions, achieved
by considering two different extrusion temperatures and three distinct specimen
positions within a 27m rod-shaped extruded material(also called extrudate). [23] Hot
extrusion involves heating the metal material to temperatures above its
recystallization point, and the temperature range is typically expressed as a
percentage of the material’s melting point. In the case of copper and aluminium
alloys, the industry commonly emplys a heating temperature range of 0.75 to 0.9
times the melting point of the alloy when producing extruded materials. In this
research, the CussZnssPbs leaded-brass alloy specimen underwent thermal analysis
using NETZSCH DSC, and the melting point was determined to be 882.23 °C as

shown in Figure 4.1. As a result, the tmeperature range corresponding
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Figure 4.1 DSC curve of CussZnssPbs wt.% alloy with the heating rate of 10 K/min
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to 0.75T,, to 0.9 T,, was approximately 670 °C to 790 °C. In general, the upper
limit of the extrusion temperature is set to be at least 100 °C below the melting point
of the alloy. [31] While hot-working offers the advantage of reducing flow stress, it
introduces certain challenges associated with elevaed temperatures, including (a)
Oxidation of the billet and extrusion tools, (b) Softening of the die and tools, (c)
Difficulties in providing sufficient lubrication, and (d) The potential for burning of
hot shortness when extensive deformation occurs during extrusion due to the
generation of significant internal heat. [23] Considering these issues, it is beneficial
to employ the lowest possible working temperature that still provides adequate
plasticity to the metal. [23] Moreover, cost considerations also play a role in the
decision-making process. [23] Defections impacting the quality of extruded products
may arise based on material and processing conditions. Elevated temperatures or
high extrusion speeds and friction can lead to increased surface temperature, causing
surface cracks and tearing. Similarly, low temperatures may induce surface cracks
due to periodic material condensation on the die. Additionally, excessive extrusion
temperature, friction, and speed can significantly elevate surface temperature and
cause surface cracks, while too low temperatures can also result in surface cracks.
Furthermore, in products requiring substantial strength, the extruded part at the tip,
which is subjected to relatively lower extrusion pressure and has lower strength
compared to other parts, may be more prone to failure upon initial usage after
extrusion. Therefore, determining the feasible extrusion temperature range for the
specific material in the extrusion process and identifying the minimum temperature
that exhibits excellent physical properties are essential steps in process optimization.

Therefore, in this study, the potential hot extrusion temperature range for the
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CussZnsgPbs leaded-brass alloy was considered to be 670 ~ 780 °C. Subsequently,
after preheating the billet to 700 °C in the heating furnace, the extrusion temperature
was set at 670 °C(lower limit temperature), with a 30 °C reduction based on the
preheated billet, and 730 °C(upper limit temperature), with a 30 °C increase, to
conduct the extrusion process.

Some limitations of the extrusion process are that extrusion generates higher
process waste compared to rolling, with approximately 10 ~ 15% waste in extrusion,
whereas rolling results in only 1 ~ 3% waste. [23] Since the extrusion waste
comprises an extruded butt(discard) and a leading end of the extruded product with
insignificant deformation. [23] In this research, a 27m length extruded rod of
CusgZnsoPbs leaded-brass alloy was produced by reducing a billet with a diameter of
180mm to 20mm, resulting in an 88.9% reduction, as described earlier. Therefore,
in this study, to investigate the positional influence on the extensively long extruded
rod of 27m, three distinct sections of the specimen were prepared: the upper part for
the initially extruded material, the middle part for the intermediate extruded material,
and the lower part for the material extruded at the end. Throughout this paper, the
designations ‘Upper part of extruded product’, ‘Middle part of extruded product’,
and ‘Lower part of extruded product’ will be denoted as ‘upper’, ‘middle’, and

‘lower’, respectively. Additionally, in the radial direction, it was divided into ‘center’,

‘% position’, and the ‘edge’ of the cross-section as illustrated in the figure 3.5
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4.2 Longitudinal direction analysis of hot extruded CussZnssPbs
wt.%

4.2.1 Microstructural analysis

The microstructures of the upper, middle, and lower were compared to confirm the
structural heterogeneity of the extrudate in the longitudinal direction. The Figure 4.2
is an OM image of the microstructure observed at the center of a quadrant for each
condition of hot extrusion temperature at 670 °C and 730 °C. In order to assess the
uniformity in the direction of hot extrusion, which is the longitudinal direction,
precise analyses were performed for all parts, including the upper, middle, and lower
parts.

According to the four key perspectives mentioned in Section 4.1, a microstructural
analysis was conducted. Firstly, the a-FCC phase size was examined for each
extrusion condition, with particular attention to the evolution of the Widmanstéatten
structure in the as-cast alloy. As depicted in Figure 4.2, the upper and middle parts
extruded at 670 °C exhibited the Widmanstétten structure, while the a phase in the
lower part at 670 °C and the samples at 730 °C appeared as isotropic blocky
structures. The obtained Widmanstétten structure of the a phase could be attributed
to its influence from the as-cast samples.

The thermodynamic calculations conducted with the results, indicating that the «
+ [ duplex region occurred below 765 °C, as shown in Figure 2.2(b) and Table 1.
During the hot working of duplex brass, an increase in the degree of deformation
leads to formation of the strain localization. [31] In the hot extrusion process of

duplex brass, the differing flow stresses of the @ and S phases, can induce stress
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Figure 4.2 Optical microscope images obtained from upper, middle, and lower part

of hot-extruded CussZnszsPbs wt.% alloy at 670 °C and 730 °C
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and strain localization, thereby promoting dynamic recrystallization predominantly
within the region of strain localization. [25, 31, 32] This phenomenon plays a crucial
role in determining the final microstructure of the extrudate.

In contrast, the lower part extruded at 670 °C and the specimens extruded at 730 °C
reveal that the actual extrusion process occurred within the single § phase region,
which exists above 765 °C. Unlike the leaded-brass alloy, the lead-free brass alloy
exhibits the as shown in Figure 3.8 (d) and (e) The isotropic blocky a-FCC phase of
the hot-extruded CusgZna,Pbs wt.% alloy can be attributed to two main factors.

First, after dynamic recrystallization, during the subsequent static recrystallization,
the dislocation cell structure plays an influential role as a preferred nucleation sites
for the formation of B phase withinthe single g phase region. In addition, as a
preferredn nucleation site for phase formation in asingle S phase region, uniformly
distributed immiscible Pb particles act as a factor to inhibit grain growth. As the
nucleation site of o phases tends to dominate at the refined grain boundaries of the
B phase, a constant o phase fraction results in a reduction in the distance between
preferred nucleation sites, leading to a decrease in the aspect ratio of a phase.

Furthermore, the second, during the phase transformation from g to @ + B, Pb
particles preferentially occupy a«/f boundaries, leading to a reduction in the
mobility difference between incoherent and coherent interfaces. [21] Notably,
despite setting the extrusion temperature below the single 8 phase region, the actual

extrusion occurred within the B phase region. This occurrence can be attributed to

two primary factors associated with direct extrusion : (1) the frictional heat

generated between the ingot and the mold and (ii) the heat generated by plastic
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deformation, resulting in an increase in temperature during the extrusion process.
[25, 33, 34]

Obtaining continuous and quantitative temperature measurements for all positions
presents challenges due to temperature variations along the upper, middle, and lower
parts. By analyzing the microstructure of the lower part extruded at 670 °C, it
becomes evident that a substantial temperature rise of more than 100 °C occurred in
specimens commonly employed in industrial applications. Previous studies have
shown that the formation of Widmanstétten structures can result in irregularities and
anisotropic features in the microstructure and it leads to stress concentration and
shear localization, giving rise to void and crack formation during machining
processes. [35-37] Consequently, the upper and middle parts extruded at 670 °C are
anticipated to have relatively lilmited machinability, whereas the lower part extruded
at 670 °C and the specimens extruded at 730 °C are expected to demonstrate
improved machinability.

The second aspect to focus on with regard to microstructural analysis was the
fraction of the B'-B2 phase. Since the B' phase has high hardness and brittleness,
increasing the fraction of the beta phase generally improves machinability. However,
defining a quantitatively optimum fraction is challenging due to the synergistic
interaction between the size and morphology of the o phase and P' phase fraction.
Previous studies often consider an approximate range of 20% to 40% of ' phase
fraction as favorable for good machinability. Fig. 4.3(a) presents the B’ fraction for
each analyzed extrusion condition based on micrographs, showing variations ranging
from 28.8% to 47.7% depending on the extrusion temperature and position. The

cause of the B'-phase fraction variation observed under each extrusion condition was
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part of hot-extruded CussZnsoPbs wt.% alloy at 670 °C and 730 °C
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B’ phase .
fraction Upper part | Middle part | Lower part
Extruded at . . ]
670 °C 42.2% 45.5% 47.7%
Extruded at . . ]
730 °C 28.8% 31.3% 37.1%

Table 4.1. p’-B2 phase fraction of upper, middle, and lower part of hot-extruded

CussZnzgPbs wt.% alloy at 670 °C and 730 °C
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investigated. The fraction of the B'-phase is significantly impacted by both the

extrusion temperature and the die force. [24, 25, 31] Since extrusion temperature and
die force variations occur simultaneously when comparing different positions, these
two factors can mutually influence each other. Given the intricacies and constraints
in determining the origin of the P'-phase fraction, our primary focus was on
explaining the temperature-based distinctions at the same position. Our observations
align with prior research, indicating that the f'-phase fraction decreases with an
increase in extrusion temperature at the same position. [24, 38] In the upper, middle,
and lower parts of the specimen extruded at 670 °C, the p'-phase fractions were
measured as 42.2%, 45.5%, and 47.7%, respectively as shown in Table 4.1. For the
specimens extruded at 730 °C, the corresponding ['-phase fractions were 28.8%,
31.3%, and 37.1%, indicating reductions of 31.8%, 31.2%, and 22.2%, respectively,
compared to those at 670 °C. This trend can be explained by considering the change
in die force and plastic deformation with varying extrusion temperatures. At the
sample position, higher extrusion temperatures result in lower flow stress and
reduced plastic deformation at the same extrusion speed, leading to a relatively lower
dislocation density in materials extruded at higher temperatures and consequently a
lower driving force for the phase transformation from 3 phase to (a + ) phases after
extrusion. [24, 25] As a consequence, materials extruded at high temperatures
display comparatively reduced dislocation densities, leading to a diminished driving
force for the phase transformation from B phase to (o+f) phase following the
extrusion process. While there are limitations in quantitatively analyzing the non-
equilibrium phase transformation during continuous cooling, it is inferred that the

phase transformation from B to (o + ) phases occurs at lower temperatures. Some
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previous investigations have referred to this phenomenon as stress-indeuced phase
transformation, which correlates with a lower 3 phase fraction at lower extrusion
temperatures. [24, 25]

The subsequent investigation focused on the variation of the B-phase fraction
according to the position under identical extrusion temperature conditions. For both
extrusion temperatures, an upward trend in B phase content was observed from the
upper part to the lower part, despite the lower extrusion temperature at the lower part.
This phenomenon can be attributed to the rise in deformation load towards the lower
part, arising from a combination of decreased inserted billet temperature and
increased friction load, resulting in severe plastic deformation. [23-25] Hence,
similar to the previously discussed phenomenon, the elevated dislocation density
contributes to the increased P phase fraction, referring that the f — (o + ) phase
transformation is finished at relatively higher temperatures. Considering the
comprehensive results, an extrusion temperature of 730 °C was found to have a -
phase fraction within the range of 20% to 40% with better machinability.
Consequently, an extrusion temperature of 730 °C is expected to be more suitable
for achieving cutting performance and superior machinability compared to 670 °C.

Thirdly, we focused on the grain sieze of the a-FCC phase, and the results shown
in Fig. 4.3(b) followed the ASTM E1382 determining average grain size
measuremen method. [39, 40] The ASTM standard E1382 provides a measurement
procedure using the linear intercept length method, which is validated for base
material microstructures. [41] The influence of grain size distribution on the
mechanical properties of engineering materials is significant, prompting the need for

improved guidelines for measuring grain size distribution in various industrial
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materials. [42] The properties of metallic products often depend on the grain size and
distribution of their microstructures. [42] To ensure consistent material properties
and establish a connection between processing and structure, standardized
measurement methods for microstructure are essential. [42] Widely accepted
standards like E1382 is employed for measuring the average grain size in both single
and multiphase materials. [42] The a-FCC sizes of the upper, middle, and lower of
the specimen hot-extruded at 670 °C were measured as 33.7 + 14 um, 24.2+7.2
um, and 12 + 3.2 um respectively. Here, the upper and middle parts contain an
anisotropic Widmanstatten structure, so the standard deviation is larger than that of
the lower part containing of an isotropic blocky structure. Meanwhile, in the case of
the 730 °C extruded specimen, the a-FCC sizes were measured as 32.7 + 8.7 um,
20.9+ 6.4 um, and 15 £ 5.5 um from the top to the bottom, respectively. In both hot
extrusion temperatures, the size of the a phase gradually diminishes towards the
lower part. The observed phenomenon can be ascribed to a synergy of factors,
encompassing a decrease in the temperature of the inserted billet and an increase in
the friction load, leading to higher deformation load in the lower part. [23-25]
Consequently, the lower part experiences more severe plastic deformation, leading
to the formation of a more intense dislocation cell structure, which acts as a
nucleation site for the B phase during static recystallization. As a consequence of
the decreasing size of the B phase, the a phase, which nucleates at the B/ grain
boundaries during phase transformation, also reveals a reduced size towards the
lower part.

Comparing the extrusion temperatures at each position, it is difficult to directly

compare the size of the a phase, primarily due to the morphological distinctions of
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the o phase contingent upon whether extrusion occurred in the (a + B) region or the
single B region. Notably, in the lower part, where more severe plastic deformation
takes place at a lower extrusion temperature due to increased deformation load, a
reduction of approximately 20% in the size of the a phase is observed. As there is no
definitive criterion for the optimal size range of the o phase to achieve favorable
machinability, the subsequent section will investigate the impact of a phase size on
machinability based on the assessment of mechanical properties, which are
influenced by the combination of the size of the o phase and the phase fraction of the
B phase.

Fourth, in the last part of microstructural analysis, we conducted an assessment for
the uniformity of Pb particle distribution, forming a thin film on the chip's side that
slides against the contact with the tool, functioning as a lubricant during machining.
[8, 38, 43] Notably, our observations revealed a non-uniform distiribution of Pb
particles in the as-cast alloy, known to contribute to surface cracking. [38, 44, 45]
Consequently, we focused on investigating whether Pb particles exhibited a uniform
distribution folllowing hot extrusion. [38, 44, 45] Furthermore, considering that the
coalescence of Pb particles leads to an increase in mean particle diameter and a
decrease in population density, adversely impacting machinability, we also
conducted a meticulous analysis of the size of Pb particles. Fig 4.4 displays SEM
images and EDS maps of the upper part of the 670 °C extrusion and the lower part
of the at 730 °C extrusion, corresponding the Widmanstétten structure and the
blocky structure, respectively. The EDS maps represent the elements Cu, Zn, and Pb
by yellow, pink, and sky blue colors, respectively. By analyzing the 60 um x 60 pum

regions represented by dashed lines in each specimen, we compared the uniformity
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Figure 4.4. SEM images obtained using backscattered electron detector and energy
dispersive spectroscopy maps obtained from (al)-(ab) upper part of hot-extruded
CussZnsePbs wt.% alloy at 670 °C and (bl)-(b5) lower part of hot-extruded
CusgZnzgPbs wt.% alloy at 730 °C. EDS maps show the distribution of elements Cu

(yellow), Zn (pink), and Pb (sky blue), respectively

63



of Pb particle distribution. As a result, in the upper part extruded at 670 °C, the red

dashed area indicates a sparse distribution of Pb particles, while the yellow dashed
area represents a more abundant distribution of Pb particles. Conversely, in the lower
part extruded at 730 °C, the white dashed area signifies a uniform distribution of Pb
particles throughout the entire specimen. Additionally, the average size of Pb
particles was approximately 1.5 £ 0.2 um in both specimens, and there was no
significant difference observed between the two. In the specimen where extrusion
conducted in the o + B region, the distinct flow stress of each phase led to strain
localization ,acting as the primary nucleation site for recrystallization. Furthermore,
in the inhomogeneous (o + ) brass alloy, the flow pattern 'C' is observed and it leads
to a relatively non-uniform distribution of Pb particles in this specimen. [23] In
contrast, specimens hot extruded within the single B region do not experience stress
and strain localization, enabling uniform dynamic and static recrystallization. In
addition, during the hot extrusion of the uniform B-brass alloy, flow pattern 'B' is
observed, leading to internal redistribution of particles and consequent uniform
distribution of Pb particles. [23, 25, 31] Considering the significance of a uniform
distribution of Pb particles for machining, as it improves chip fracturing and
minimizes tool wear, it can be deduced that the extrusion temperature of 730 °C is
more optimal. Based on the various evaluation factors of microstructure mentioned
above, it can be deduced that the upper part and middle part extruded at 670 °C are
likely to demonstrate comparatively inferior machinability. Conversely, it is
anticipated that the lower part extruded at 670 °C and the specimens extruded at

730 °C would exhibit excellent machinability.
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4.2.2 Mechanical analysis

The representative specimens selected for evaluation were consisted of the upper
part extruded at 670 °C with a Widmanstatten structure and the lower part extruded
at 730 °C with a blocky structure. Uniaxial tensile tests were performed on each
specimen to assess their mechanical properties. To enable a comparison between the
free-cutting leaded brass alloys and the lead-free brass alloy, uniaxial tensile tests
were also conducted on the Cu60Zn40 wt.% alloy, hot-extruded at 730 °C, as
depicted in Fig. 3.8 (c) and (d). Fig. 4.5 presents the uniaxial tensile stress-strain
curves for the hot-extruded Cu60Zn40 wt.% alloy at 730 °C, and the Cu58Zn39Pb3
wt.% alloy hot-extruded at 670 °C and 730 °C, marked by green, sky blue, and red
solid lines, respectively. The results show a notable 31.6% increase in yield strength
for the 670 °C extruded upper part compared to the lead-free brass alloy. Furthermore,
the 730 °C extruded lower part exhibits a significant 22.8% higher yield strength in
comparison with the 670 °C extruded upper part. On the contrary, the strain to
fracture decreases by 11.0% for the 670 °C extruded upper part and 21.2% for the
730 °C extruded lower part, respectively. These enhancements in yield strength for
each extruded specimen are attributed to their respective microstructures. It is worth
noting that Pb particles do not exert a significant influence on the strength and
ductility. [46] Therefore, our focus was primarily on the phase fraction of o and 3
phases, as well as the grain size of each phase. To perform a quantitative analysis,
we interpreted the mechanical properties based on calculations utilizing the extended
Hall-Petch relation. Specifically, we used the extended Hall-Petch relation, an

extension of the traditional Hall-Petch relation, to characterize the dual-phase brass

65



450

400 |
= |
o 350
E. 5
g 300
e 250 ———670T CussZn39Pb3s wt.% (Upper part)
hr ———730T CussZn39Pb3 wt.% (Lower part)
D 500 [ ———730T CusoZn4o wt.% (Lead-free Brass)
[~
@ 670°C 730°C 730°C
g 150 Upper part Lower part Lead-free Brass
g 100 vt 144.6 187.4 98.9
w
50 | fretore 1%] 44.2 34.8 49.7
0 i 1 L 1 L 1 N | 1
0 10 20 30 40 50

Engineering strain [%]

Figure 4.5. Uniaxial tensile stress-strain curves for hot-extruded CussZns wt.% at

730 °C (green), and hot-extruded CussZnsoPbs wt.% alloy at 670 °C (sky blue) and

730 °C (red), respectively
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alloy. It is considered that on the basis of the dislocation pile-up theory, the phase
boundary between « and S phases and the prior g/ grain boundary serve as
hindrances to dislocation movement. [39, 40, 47, 48] The proposed simplified
extended Hall-Petch equation is given as follows [47]:

o5 = 0y¢ + k- d /2 (4.1)
where oy, ay"c, k3, are the yield strength, lattice friction stress, and the Hall-Petch
coefficient of dual phase brass alloy, respectively.

d=dofy +dpfp 4.2)
d value is a volume fraction weighted average grain size. d,, dg are the grain size
of each phases and f;, fz are phase fractions of o and B phase, respectively. Based
on the B phase fraction, ¢, is experimentally investigated in the previous studies.
Therefore, the o)¢ values 44, 50, 48 MPa for 730 °C extruded lead-free alloy, 670 °C

extruded upper part, and 730 °C extruded lower part, respectively were used in this

research. [40, 47] The kj also exhibits a significant dependence on the B phase

fraction, and the respective values are 13.8, 13.9, 14.1 MPa - mm /2. The d values
were determined through calculations involving the phase fraction and measured
intercept length of o and  phase regions, following the guidelines outlined in ASTM
E1382, resulting in values of 65 pm, 30 um, and 12.6 um for the three cases,
respectively. Based on each factor, the calculated oy values were 98.1 MPa, 130.2
MPa, and 173.4 MPa for the lead-free brass alloy hot-extruded at 730 °C, the upper
part of hot-extruded at 670 °C, and the lower part of hot-extruded at 730 °C,
respectively. These calculated values exhibit a similar trend to the measured values.

Therefore, the observed enhancement in yield strength for each specimen can be
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definitely explained by differences in their phase fractions and d, the volume
fraction weighted average grain sizes, as depicted in Fig. 4.6. The figure indicates
the contributions of lattice friction stress, shown in the gray area, and phase boundary
strengthening, represented by the colored area, to the yield strength of each specimen.
Notably, despite the differences in the beta phase fraction among the samples, being
31.8%, 42.2%, and 37.1%, it becomes evident that the primary factor influencing the
results is the phase boundary strengthening effect, rather than the variation in the
0)¢ values.

It is challenging to quantitatively predict machinability only with mechanical
properties, but machining factors also play an important role in determining
machinability for duplex brass alloys. In general, it is known that, alloys with higher
strength tend to be preferred since it forms chips more easily and minimizes tool
wear, resulting in excellent machinability. [2, 16, 38, 49] According to the reference,
the composition of Cu58Zn39Ph3 wt.% alloy, commonly used in the industry,
indicates a yield strength of approximately 200 Mpa. [16] Consequently, it is
expected that the 670 °C extruded upper part, with lower strength, would
demonstrate relatively poor machinability. Conversely, the 730 °C extruded lower
part, characterized by increased strength and reduced ductility, is expected to be
classified as a similar free-cutting level in the machinability test through the section

4.4,
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4.3. Radial direction analysis of hot extruded CusgZnssPbs
wt.%

4.3.1 Microstructural analysis

After evaluating the variation along the extrusion direction, that is, the longitudinal
direction of the specimen in the previous section, this section focuses on the
homogeneity assessment by each temperature and position in the cross sections
perpendicular to the extrusion direction. Specifically, a detailed examination of
micrographs was conducted for both the center and edge regions of the cross-sections.
Additionally, we assessed the overall homogeneity of each condition's cross-section
by conducting continuous hardness scanning from the center to the edge. The overall
microstructure of the guadrant cross-section of each specimen obtained from the
upper, middle, and lower parts of the hot-extruded specimens at 670 °C and 730 °C
is shown in Fig. 4.7. Fig. 4.8 shows OM images captured from the center and edge
of the cross-sections obtained from the above specimens. Figure 4.8 reveals that the
upper and middle parts extruded at 670°C exhibit the presence of the Widmanstitten
structure at both the center and edge, consistent with the representative image Fig.
4.2 depicted in section 4.2. As shown in Figure 4.8, 42.1 + 34.6 um, 32.8 + 16.6
um, 36.8 + 15.9 um, and 27.3 + 12.1 um were measured at the center and edge of
the upper and middle parts specimens extruded at 670 °C, respectively. Based on
these findings, it is evident that the size of the a-phase diminishes towards the edge.

In direct extrusion, as opposed to indirect extrusion, the friction between the billet
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Figure 4.7 Optical microscope images of quadrant cross-section obtained from
upper, middle, and lower parts of hot-extruded CussZnssPbs wt.% alloy at 670 °C

and 730 °C
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Figure 4.8 Optical microscope images of center and edge of cross-section obtained
from upper, middle, and lower parts of hot-extruded CussZnssPbs wt.% alloy at 670 °C

and 730 °C. d, indicates the average size of a-FCC phase

72
o () =1
R e ki



and mold rises from the center to the edge of the cross-section, inducing a severe
plastic deformation. Consequently, an increased number of nucleation sites arise,
leading to a reduction in the size of the a-phase towards the edge. Additionally,
during the cooling process, the edge undergoes a relatively higher cooling rate,
inhibiting the growth of the a phase, leading to a relatively smaller o phase size in
comparison with the center. In the case of the lower part extruded at 670 °C, a
consistent blocky structure was observed across the entire cross-section, from the
center to the edge, suggesting an overall increase in temperature of over 100 °C from
the center to the edge. The size of the o phase at the lower part of 670°C measures
12,5+ 3.2 um at the center and 11.3 + 3.3 um at the edge, respectively. This
indicates that while there was a slight reduction in size towards the edge, the disparity
was relatively minor in comparison to the upper and middle parts. Meanwhile, in the
case of the upper part extruded at 730 °C, alpha phases displaying closer proximity
to the Widmanstétten structure with anisotropic characteristics were observed at the
center, whereas a blocky structure was observed at the edge. This discrepancy arises
due to the higher heat generation resulting from frictional heat and plastic
deformation at the edge, leading to a significant temperature increase. In contrast,
the temperature rise at the center was not that high, indicating that the hot extrusion
process was conducted within the (a + B) region. As for the middle and lower parts
extruded at 730 °C, uniformly isotropic blocky structure was formed throughout the

cross-section with a phase sizes of 22.6 + 4.5 pum and 21.3 £ 4.6 um for the
center and edge of the middle part, and 18.6 & 4.5 pm and 14.2 + 4.2 pum for the

center and edge of the lower part, respectively. A noteworthy observation is that, in

the case of the blocky structure formation, there is a slight reduction in size towards
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the edge compared to the substantial decrease observed in specimens exhibiting a
Widmanstétten structure. In other words, the assessment of the cross-section
revealed the existence of a uniform microstructure when a blocky structure was
formed. This leads to the conclusion that when a blocky structure is formed, a more
uniform microstructure is obtained even in a perpendicular direction to the extrusion

direction.

74



4.3.2 Mechanical analysis

Furthermore, we conducted an evaluation of uniformity in the direction
perpendicular to the extrusion axis, that is, radial direction of the specimen, using
continuous hardness line scanning from the center to the edge. Fig. 4.9(a) and (b)
indicate the Vickers hardness values depending on the distance from the center,
measured from the upper, middle, and lower parts of the hot-extruded specimen at
670 °C and 730 °C, respectively. In the upper and middle parts extruded at 670 °C,
as well as the upper part extruded at 730 °C, all of which exhibit a Widmanstatten
structure, there is notable scattering and large standard deviation values observed
along the center to edge direction. Moreover, an increase in hardness was observed
towards the edge, which can be attributed to the reduction in the size of the a phase.
Conversely, in the case of the lower part extruded at 670 °C, and the middle and
lower parts extruded at 730 °C, characterized by a blocky structure, uniform hardness
values were observed across the cross-section due to the minimal deviation in the
size of the a phase from the center to the edge. Moreover, the standard deviation at
individual points exhibited relatively low values. Fig. 4.10 illustrates the average
Vickers hardness values and corresponding standard deviations measured from
twenty indentation tests conducted on each of the extruded specimens. Under the
same extrusion temperature conditions, a consistent trend of increasing hardness
values from the upper part to the lower part was observed, with the microstructural
analysis showing an augmentation in the B’ phase fraction and a reduction in the o
phase size, as illustrated in Figs. 4.3 (a) and (b), respectively. Moreover, when

comparing the same position, it was noticed that the upper parts with similar «
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Figure 4.9 Vickers hardness values (HV1) depending on distance from the center

obtained from upper, middle, and lower part of hot-extruded CussZnssPbs wt.% alloy

at (a) 670 °C and (b) 730 °C
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phase sizes exhibited approximately 3% higher hardness values in the 670 °C
extruded sample, attributable to its higher p’ phase fraction. In the middle part,
despite a higher B’ fraction in the 670 °C extruded sample, the larger o phase size
resulted in same hardness values for both extrusion temperature conditions. Lastly,
in the lower part, the 670 °C extruded sample indicates the highest hardness value
due to both a smaller a phase size and higher 3’ phase fraction. In summary, the
evaluation of the cross-section from the center to the edge leads to the following
conclusions: (i) the formation of a uniform blocky structure is accompanied by
uniform microstructure and hardness characteristics throughout the cross-section
from center to the edge (ii) the fraction of the B’ phase and the size of the o phase

are the most critical factors to determine hardness.
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4.4. Machinability evaluation of hot extruded CussZnsgPbs
wt.%

Drilling tests were conducted on the 670 °C extruded upper part and the 730 °C
extruded lower part, which are anticipated to exhibit relatively limited and excellent
machinability, respectively, based on their microstructure and mechanical properties.
Additionally, a drilling test was performed on the lead-free brass alloy as a control
group. A schematic description of the experimental setup and drilling operation used
in this study for machinability evaluation was shown in Fig. 2.9. The change in
rotation torque with the number of runs during the drilling test for each sample is
shown in Fig. 4.11(a). As the drill made initial contact with the workpiece, the
cutting area rapidly increased, and subsequently, the rotation torque is stabilized,
establishing a fixed cutting area. In this stable region, the average rotation torque
value is defined as a rotation torque for each sample. To ensure experimental
accuracy, each specimen underwent three or more experiments, and the average
value along with the standard deviation was represented in Fig. 4.11(b). The results
in Fig. 4.11(a) and (b) indicate that the lead-free brass alloy exhibited approximately
30% higher rotation torque value compared to the other two specimens, indicating
inferior machinability. On the other hand, the upper part extruded at 670 °C and the
lower part extruded at 730 °C showed similar rotation torque values. The 670 °C
extruded upper part exhibited approximately 2% higher rotation torque than the 730 °C
extruded lower part. Through the evaluation of rotation torque for each specimen, it
was established that the hot-extruded CussZnsgPbs wt.% alloy demonstrates superior

machinability compared to the lead-free brass alloy. However, due to the difficulties
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in directly comparing machinability based solely on quantitative rotation torque
values for different extrusion temperature conditions for Cu58Zn39Phb3 wt.% alloy,
we conducted a comprehensive assessment that included analyzing chip morphology
and comparing the weight fraction of chips for each type.

Fig. 4.12(a) presents the chip morphologies obtained during the drilling test,
categorized into A to E types based on their distinct cmophology as outlined in Table
4.2. Specifically, A and B types represent continuous chips in the form of long and
short washer-type helical chips, respectively, while C, D, and E types correspond to
discontinuous chips, characterized as loose arcs with one curl, loose arcs with half a
curl, and elemental chips, respectively. Fig. 4.12(b) shows the weight fraction of
chips for each type, indicated based on the classification of chips shown in (al)-(a3),
and detailed quantitative weight fractions are presented in Table 4.2. For the lead-
free brass alloy, approximately 25.2% of the chips categorized under the continuous
chip and D type was predominantly formed among the discontinuous chips at
approximately 62.6%. In contrast, the 670 °C extruded upper part shows an absence
of A type continuous chips, with only 4.1% accounting for B type, and D type
remains dominant among the discontinuous chips at approximately 63.8%. Finally,
the 730 °C extruded lower part, which was anticipated to exhibit superior
machinability, completely lacks A type continuous chips, with formation of B type
comprising only 0.5%. Especially, among the discontinuous chips, E type is
significantly prominent at approximately 72.8%, indicating excellent machinability.

Moreover, Fig. 12(c) provides the average weight per chip type for each specimen.
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The results also reveal that the lead-free brass alloy demonstrates relatively high

average weights for all chip types, indicating poor machinability. Conversely, the
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Figure 4.12 Morphology of Segmented chips after drilling process of (al) hot-
extruded CusoZna Wt.% alloy at, (a2) hot-extruded CussZnssPbs wt.% alloy at 670 °C
and (a3) 730 °C. (b) weight fraction and (c) weight per chip for each chip type
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Chip Type A Type B Type C Type D Type E Type
-
3} W a4 | o«
Chip
morphology
Continuous Continuous Discontinuous Discontinuous Discontinuous
(Long washer (Short washer (Loose Arc (Loose Arc - (El tal)
type helical) type helical) -0ne curl) Half a Curl) ementa
Type of >5 Curl 1~5 Curl . The rest of the
Curl Length i (1< 50mm) (1< 50mm) =1 Curl <1 Cur small crumbs
730°C Weight fraction [%] 23.3 2.0 2.0 62.6 10.1
Lead-free
(CugpZnyg) | Weight per chip [g] 0.3439 0.053 0.030 0.021
670°C Weight fraction [%)] 0 4.1 2.1 63.8 30.0
extruded
Upperpart | Weight per chip [g] 0.021 0.016 0.009
730°C Weight fraction [%] 4] 0.5 1.0 25.7 72.8
extruded
Lowerpart | Weight per chip [g] 0.019 0.012 0.006

Table 4.2 Classification of chips based morphology and weight fraction and weight

per chip for each chip type obtained from hot-extruded CugoZnao wt.% alloy at 730 °C,

CussZnzgPbs wt.% alloy at 670 °C and 730 °C

83




730 °C extruded lower part exhibits the lowest average weight, further verifying its
excellent machinability. In particular, the reason why the machinability of the lead-
free brass alloy is limited is that there is no lead acting as a lubricant, the fraction of
the B’ phase is the lowest at 31.8%, and the size of the o phase is the largest.
Conversely, although the 670 °C extruded upper part exhibits a higher B’ phase
fraction compared to the 730 °C extruded lower part, the inferior machinability can
be attributed to the presence of a relatively non-uniform distribution of Pb particles
and the occurrence of a Widmanstétten structure. These irregularities and
anisotropic structures are prone to induce stress concentration and shear localization
during machining, resulting in the formation of voids and cracks. These phenomena
are regarded as the primary factors contributing to the relatively low machinability.
[35-37] Based on the comprehensive evaluation of machinability through drilling
tests, it is evident that the lead-free brass alloy exhibits poor machinability, which
limits its practical industrial use. On the other hand, interestingly, the upper part
extruded at 670 °C still shows the predominant formation of discontinuous chips,
suggesting potential industrial applicability, although the machinability is expected
to be inferior according to the criteria of B phase fraction, a phase morphology
and uniform distribution of Pb particles. This indicates that with machining
optimization, including selection of tool, lubrication, and machining conditions, both
the 670 °C and 730 °C extruded specimens can be successfully used for product
manufacturing. Nevertheless, drawing conclusions from the chip analysis, as
presented in Fig. 4.12(b) and (c), indicates that an extrusion temperature of 730°C is
more favorable. This choice facilitates the minimization of tool heat, tool wear, and

additionally, it offers improved mechanical properties. Additionally, it is suggested
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to consider increasing the extrusion temperature by about 10 — 20 °C and eliminating
the residue of Widmanstétten structure at the center of the upper part extruded at
730 °C. Nevertheless, certain potential factors must be carefully considered, such as
the increase in production costs, the occurrence of hot shortness cracking, and the

formation of surface oxidation.
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4.5. Summary

In Section 4, a comprehensive investigation was conducted on the structural
heterogeneity arising from the extrusion conditions of the duplex brass alloy.
Initially, CussZnsgPbs wt.% alloy samples were prepared by dividing the extrusion
temperature into 670°C and 730°C as the first variable. Subsequently, the samples
were further categorized based on their longitudinal and radial positions with respect
to the extrusion direction for analysis.

In the analysis of the microstructure along the longitudinal direction, it was
observed that depending on the extrusion temperature range, the specimens exhibited
either a Widmanstatten structure in the a+f region or a blocky structure in the
single S region. The different microstructures within the same extrusion
temperature range can be attributed to the temperature variation, resulting from
factors such as frictional heat between the brass alloy and the mold and heat
generated during plastic deformation, inherent to the direct extrusion process. As the
temperature increases from the upper to the lower part, the size of a phase
decreases due to more severe plastic deformation and the subsequent increase in
nucleation sites for recrystallization. The most significant difference in
microstructure was observed between the 670°C upper part and the 730°C lower part
specimens. The mechanical properties analyzed through tensile tests could be well
correlated with the extended Hall-Petch relation, showing that the 730°C lower part
specimen with smaller grain size had a higher yield strength.

Regarding the analysis of microstructure in the radial direction of the specimens, it

was observed that the size of a phase decreased toward the edge. Direct extrusion
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led to increased frictional heat and severe plastic deformation from the center to the
edge of the cross-section, resulting in higher cooling rates at the edges. Consequently,
the a phase exhibited relatively smaller sizes at the edges, leading to an increase in
hardness along the radial direction. In contrast, when a blocky structure was formed,
a more uniform microstructure was observed even in the direction perpendicular to
the extrusion axis, and the hardness values were more uniform across the entire
cross-section.

The evaluation of machinability through drilling tests revealed that the lead-free
brass exhibited poor machinability due to the absence of lead, lower S' phase
fraction, and larger a phase size. On the other hand, both the 670°C extruded upper
part and the 730°C extruded lower part demonstrated dominant formation of
discontinuous chips, indicating potential industrial applicability. Although the
730°C extruded lower part exhibited the best machinability, further consideration of
potential factors such as increased production costs, hot shortness cracking, and
surface oxidation is essential before making a final decision on the extrusion

temperature optimization.
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CHAPTER S

Conclusion

In this investigation, we explored the impact of hot extrusion temperature on the
microstructure, mechanical properties, and machinability of duplex brass alloy to
propose optimal extrusion temperature conditions suitable for industrial-scale
applications. To comprehend the influence of hot extrusion at different temperatures
on the microstructure, we initially examined the as-cast alloy's microstructure with
a specific focus on the distribution of Pb particles. Subsequently, we conducted
extrusion at 670 °C (0.82 Tm) and 730 °C (0.87 Tm) to produce specimens of sizes
used in industrial applications, and then systematically compared the microstructure
in both the extrusion direction and the cross-section perpendicular to the extrusion
direction. Finally, we carefully analyzed the mechanical properties and
machinability of two specimens which have Widmanstétten and isotropic blocky
structures.

The key insights from our study are as follows: (i) The as-cast duplex brass alloy
with the Widmanstatten structure exhibited a heterogeneous distribution of Pb
particles due to constitutional supercooling during solidification and the monotectic
reaction from residual liquid to Pb particles and B phase. (ii) Comparing the upper,
middle, and lower parts of the extruded specimens, we observed a gradual
temperature increase from the upper to lower part, with a temperature difference

exceeding 100 °C. The upper and middle parts extruded at 670 °C underwent hot
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extrusion in the (o + ) region, leading to the formation of Widmanstéatten structured
a phase with non-uniformly distributed Pb particles. Conversely, the middle and
lower parts extruded at 730 °C were extruded within the single  phase region,
leading to the formation of an isotropic blocky a phase characterized by uniformly
distributed Pb particles. (iii) The 670 °C extruded lower part and the 730 °C extruded
middle and lower parts displayed a uniform isotropic blocky o phase and consistent
hardness values across the cross-section perpendicular to the extrusion direction. (iv)
In comparing the 670 °C extruded upper part with Widmanstétten structure and the
730 °C extruded lower part with blocky structure, the latter demonstrated 22.8%
higher yield strength and 21.2% lower ductility. Additionally, although both
specimens exhibited the formation of discontinuous chips and the rotation torque
was only 2% lower for the 730 °C extruded lower part, the 670 °C extruded upper
part showed 63.8% of the loose arc of half a curl chips, while the 730 °C extruded
lower part formed 72.8% elemental chips, indicating superior machinability for the
latter.

Based on the investigation, it is recommended to choose a hot extrusion
temperature of 730 °C within the (a0 + PB) region to prevent the formation of
anisotropic Widmanstatten structure and mitigate issues related to high extrusion
temperature, such as cost wastage and hot shortness. Moreover, our findings offer
valuable insights for optimizing the extrusion temperature of the duplex brass alloy
by establishing a systematic correlation between hot extrusion temperature,
microstructure in the extrusion and perpendicular directions, mechanical properties,

and machinability.
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