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ABSTRACT 
Previously most of the research focusing on non-metallic inclusions additions have focused on Fe-
alloys. The presence of inclusions has a great effect on the material properties of Fe-alloy.  Brass 
(Cu-Zn) is a germicidal material which has been widely used for especially drinking water 
applications. However, the influence of non-metallic inclusions on the material properties in brass 
have only been studied to a limited degree by other researchers. 

The secondary brass-making process is not a common process compared to the secondary steel-
making process. The process of secondary metal making (re-melting) has several purposes such as to 
improve the cleanliness, deoxidation, microstructure, composition etc. The secondary brass making 
process is performed to improve mechanical and chemical properties of brass. 

The present work presents a precursory methodology research on the influence of the non-metallic 
inclusions on liquid Cu-alloys for the brass grade (CuZn38). The vague effect of the secondary 
brass-making technic for CuZn38 eco-brass research is estimated based on thermodynamic 
considerations.  

During a secondary brass-making process, the effects of the primary addition of the raw Al2O3 
powder formation in molten brass has been studied by using a by specific quartz tube suction 
technique. The present work studied influence of the addition of raw Al2O3 powder in brass based on 
quartz tube samples and ingot samples.  

The used Al2O3 inclusions and deoxidizer in brass show that a similar characterization can be found 
as when secondary Al2O3 inclusions are present in steel-making. The results showed that the Al2O3 
particles in brass had different morphologies. Specifically, Al2O3 reacts with ZnO under the 
formation of ZnAl2O4 spinel oxide particles. Also, spinel oxide particles form plate-like or spherical 
morphology particles. 
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1. INTRODUCTION 
Brass materials are alloys made of mostly of copper and zinc, which are commonly used in 
household plumbing, valves, faucet and pools. Brass alloys are not ferromagnetic materials, which 
are suitable for re-melting processes. Depending on the zinc content, the degradation 
(dezincification) brass alloys microstructure and properties would be similar as before melting or 
they may be easy to reproduce the wanted grade during the re-melting process with an addition of 
zinc ingots. [1]   

The secondary metal making process enable deoxidation of molten metal and improve the properties 
of a metal with the additions of elements with strong oxygen affinities. This secondary metal making 
processes can be done by using an addition of a deoxidizer or/and/only an oxide material. The 
deoxidizer results in the removal or decrease of the oxygen content in a liquid metal, which results in 
an improved cleanliness as well as improved properties of the metal.  

1.1. Brass 
Brass is a nonferrous and germicidal Cu-alloy, which mostly consists of Cu and Zn. The Cu content 
varies from 58wt.-% up to about 95wt.-% and the remaining content is mostly Zn, while lead is less 
than 4wt.-%. The addition of Zn improves important properties of the copper alloy such as the 
machinability, malleability, strength, corrosion resistance, and colour scale. By increasing the zinc 
content in the brass; the colour changes from a red to a yellow gold colour. This material is 
commonly used for drinking water installations and electrical equipments.  Brass can be casted easier 
than most of the metal and metal alloys and brass is a cheap material depending on the requirements 
on the lifetime and application areas. [1] [2]   

The brass alloy production is generally made by using a crucible furnace, a reverberator furnace, an 
induction furnace or an electric arc furnace (EAF). Brasses are often produced from zinc ingots and 
copper scraps. However, sometimes pure copper or chips are used depending on the required brass 
quality and grade. During the preparation of the brass alloys; copper is first smelted. Thereafter it is 
kept at 200-300 0C while preheated zinc ingots are added in to the molten copper. The production 
should be done by this way, because zinc begins to melt at 419 0C and it starts to boil at 907 0C. 
Also, copper starts to melt at 1083 0C. If a brass grade requires different additional elements, the 
elements can be added after a zinc addition has been made. When the molten alloy is ready to be 
poured, the molten alloys are cast as slabs or billets. [1] [3]   

The properties of the brasses are mainly changed by controlling the zinc ratio; the following section 
focuses on the zinc content and how it is related to the microstructure of brasses. Small amount of 
the different additives are also added to acquire the desired material properties. One of the most 
common additives is lead, where the lead content can be up to 3wt.-% in brass. Other additives such 
as phosphorus are used for an additional deoxidation, nickel strength, antimony for a dezincification 
resistance, aluminium for an extra corrosion resistance, and iron to obtain a grain refining. [1] 

Classical brasses consist of around 3-4wt.-% of lead to obtain good machinability properties. 
However, lead is harmful for the human health. Thus, lead is leaching with running water in the 
pipes due to corrosion. If a brass consists of 2-3wt.-% lead, the amount is enough to affect the human 
body. Eco-brasses are lead free brasses, which are commonly used for drinking water pipe, valves 
and lead-free applications. The most common eco-brass consists of 40wt.-% Zn and 60wt.-% of Cu. 

[1] [4] [5] [6]For the project CW511L eco-brass has been used. The chemical composition of the 
CW511L is shown below in Table 1. 
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Table 1 CW511L chemical composition of eco-brass [1] 

Cu Pb As Zn Other 
min. 61.5% 
max. 63.5% 

≤0.2% 0.02%-0.15% Remaining ≤0.2% 

 

 

1.1.1. Effect of Zinc Content for Brass 
The zinc content has a direct effect on the brass microstructure. Zinc is hexagonal closed-packed 
(HCP) and copper is face-centred cubic (FCC), which is a close packed structure. The zinc and 
copper atom size difference is only 4%, which results in high solubility. Specifically, the solubility 
of zinc is approximately 39wt.-% in copper. Brasses containing zinc contents of up to about 35wt.-% 
are named alpha (α) brasses. Furthermore, when zinc content is higher than 35wt.-%, zinc starts to 
precipitate and become a new solid solution which is named a beta (β) brass. Duplex brasses consist 
of between 35-45wt.-% of Zn.  [1] [2] [6]Zinc acts as a deoxidizer. The Cu-Zn partial phase diagram 
is shown Figure 1. A Cu-Zn binary phase diagram contains three different phases. Those phases are 
alpha, beta and alpha-beta, where the latter is called duplex phases. 

Alpha Brasses are called cold working brasses also and they contain at least 63wt.-% of Cu. In 
addition, alpha brasses have a face-centred cubic structure. These alpha brasses are characterised by 
their ductility at room temperature. Furthermore, they can be formed by rolling, drawing, bending, 
spinning, deep drawing, and cold heading and thread rolling. The best known alpha brasses are 70/30 
brasses or cartridge brasses, which contain 30wt.-% Zn. The application areas of 70/30 (cartridge) 
brasses are cartridge cases of up to 100mm thickness. Alpha brasses are used for tubes for heat 
exchangers. These kinds of brasses need a corrosion resistance. That does why it is necessary to add 
some alloys to enhance the corrosion resistance. The dezincification resistance can be improved by 
adding arsenic for alpha brasses. [1] [2]  

Duplex (alpha-beta) brasses are called hot working brasses and they generally contain between 38-
42wt.-% of Zn. Duplex brasses cannot be formed as like alpha brasses at room temperature, but they 
can be worked more significantly at higher temperatures. These kinds of brasses extrude bars with 
complex sections or they can be hot forged. A cooling down period from 750 0C to 650 0C is an ideal 
working temperature, because during cooling the alpha phases precipitate and due to the mechanical 
force, they can be disintegrated into small pieces. Those small pieces of alpha phases increase the 
mechanical properties of brasses. [1] [2]  

Beta phases have high contents of zinc and body-centred cubic (BCC) microstructures. Beta phases 
have a higher ductility and they are harder than alpha phases. These kinds of brasses also have good 
form ability properties. Beta phase brasses cannot be made dezincification resistant and that’s why 
those brasses are not used for drinking water applications. [7] Beta form of brasses can be 
transformed by diffusion (martensitic transformation) at 468 0C. (𝛽𝛽 → 𝛽𝛽1). 

The Zn/Cu ratio in brass depends on the reduction of zinc in production of brass. The ratio between 
Zn/Cu is determined by the carbon monoxide at a certain temperature. Zinc oxide can be reducing by 
carbon monoxide and reaction is 𝑍𝑍𝑍𝑍𝑍𝑍 + 𝐶𝐶𝑍𝑍 = 𝑍𝑍𝑍𝑍 + 𝐶𝐶𝑍𝑍2. Figure 2a shows the relation between the 
zinc oxide reductions due to reactions with carbon monoxide at various temperatures and zinc 
contents.  For example, a brass that has 41wt.-% zinc can be produced at 1000 0C if the 𝑃𝑃𝑍𝑍𝑍𝑍  (atm.) 
less than 0.5, but a brass with 31wt.-%zinc/brass cannot be produce over 1120 0C under 𝑃𝑃𝑍𝑍𝑍𝑍 a value 
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of 0.6 (atm.). The thermodynamic conditions provide the necessary information for the production of 
wanted grade of brasses. Figure 2b shows the brass zinc content which was used in the experiment. 
Note, that a brass containing 38wt.-% zinc cannot be produce at 1 atmosphere at 1080 0C.  

 

Figure 1 Partial phase diagram of Cu/Zn [2] 

  

                                       (a)                                                                          (b) 

Figure 2 a-) Partial pressure of zinc reduction is made by temperature. b-) Partial pressure of 38-
wt%zinc is for 1atmosphere. [8] 

1.1.2. Effect of Lead Content on Machinability for Brass 
Brasses are special alloys because small additions of alloying elements can change the properties of 
brasses. Alloying or other addition such as non-metallic inclusions are made for various reasons such 
as to improve machinability, to improve strength and corrosion resistance or required properties that 
are needed.  
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Most of the brass alloys can be cut by using high speed-steels. Sometimes it is necessary to use 
carbide tools. The machinability is related to the chip formation of brasses. Specifically, brasses 
produce three different types of chips. Type I (free cutting) materials produce fragmented chips and 
contain lead or other additives for obtaining good free cutting properties. Type II (short-chips) 
materials produce curled and brittle turnings and occurs due to the presence of two or more phases. 
For example, high-zinc brasses contain alpha and beta phases. Type III (long-chip) materials produce 
continuously and tightly curled chips, which commonly occurs for single-phase alpha phases. Figure 
3 shows Type I, II, and III materials chips. The Type I materials machinability rating is between 100-
50, the Type II materials machinability rating is between 60-20 and the Type III materials 
machinability rating is between 40-20. Figure 4 shows the appearance of CW511L eco-brass chips, 
which is used for the experiment. CW511L is a single-phase Type III material, which has a 
machinability value of 40. Figure 5 shows that the lead content can be up to 3-4wt.-% to increase the 
machinability effect of yellow brass. Thus, an increased lead content in brass significantly improves 
the machinability. Also, lead has no effect on the corrosion resistance properties of brass. Lead is 
present in brasses as a dispersed phase and it is distributed globally in Cu-Zn phases. [1] [3] [6] 

  

Figure 3 Broken chips typical of free cutting brass, type I (centered), flanked by type II, short-chip turnings (right), and type 
III, long-chip turnings (left) [6] 

 

Figure 4 Chip appearances for CW511L [9] 

 

Figure 5 Effect of lead content on the machinability of yellow brass [6] 



5 
 

1.2. Secondary Metal Melting 
The secondary metal-making process has some advantages compare to the primary metal-making 
process. The primary processes are aimed to make pure metals or alloys, revert scrap materials. 
Secondary melting processes have several purposes as to improve purification, temperature control 
and making different alloys. [10] To make different alloying compounds by using non-metallic 
inclusions will influence the thermodynamics and kinetics in the secondary melting process. 
Therefore, inclusions should be considered not to be changed in the final metal grade. [11]  

1.3 Non-metallic Inclusions 
There is no relevant previous investigation of inclusions in brass. Instead, we need to consider 
information from other metals as steel.  Non-metallic primary inclusions are removed from the ladle 
treatment in steel, but steel still contains inclusions of different sizes.  Most of the very small 
inclusions (<1µm) are came from secondary inclusions. Those inclusions do not decrease the 
properties of the steel in most of the cases. In fact, the inclusions may have positive effects on the 
microstructure. In steel the inclusions affect the weldability, fatigue strength, surface finish, 
machinability, corrosion resistance, ductility. [12] 

1.3.1 Al2O3 
Alumina refers to α- Al2O3 and it is most-effective and widely used engineering ceramic material. 
The raw material production is cheap. Al2O3 has a high hardness, abrasion resistance and chemical 
inertness, which makes it an ideal ceramic to be used in aggressive environments as in the chemical 
industry or metallurgy industry. A bad low tensile, fracture toughness and thermal shock properties 
are disadvantages of Al2O3. Also, alumina can be used to increase the corrosion resistances and 
machinability of steel grades. [13] 

1.4. Aim of the Study 
This research is a part of the project which aims to improve the secondary brass making process by 
adding non-metallic inclusions (raw pure Al2O3 powder) and metallic aluminium as deoxidizer. 
Thermodynamic and kinetic data are used to investigate the re-melting properties of liquid brass. 
Also, the addition of non-metallic inclusions and metallic deoxidizers affect the liquid brass. The 
non-metallic inclusions have an influence of the distribution, size, composition and morphology after 
solidification of liquid brass alloy.  

This paper deals with the following parts: 

i. A methodology investigation of reactions between raw non-metallic powder and brass 
melt. 

ii. To study ways of adding non-metallic inclusions and deoxidizers in liquid metals. 
iii. To study the evolution of non-metallic inclusions in brass and how it can be related to 

the evolution of the non-metallic inclusions in steel. 

This study represents a first stepping stone of secondary brass-making processes. The ideas are taken 
from the steel-making process. The aim is a methodological research focused on secondary brass-
making. A literature survey and an experimental test was done in the study. The purpose of the test 
was to study improvement of brass grades or properties by adding of raw alumina inclusions or 
metallic aluminium. 
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2. THERMODYNAMIC AND KINETIC  
2.1. Deoxidation by Al addition 
Deoxidation processes are used to lower the oxygen content in liquid metals by adding elements with 
a high affinity to oxygen to the metal. The deoxidation phenomena can performed during the 
secondary metallurgy part of the project. Aluminium is one of the common additional element that 
are used for deoxidation, due to its high oxygen affinity. There is no literature investigation about 
any brass alloys thermodynamic consideration with respect to Al2O3. Here, brass alloys was 
explained commonly in introduction part on this paper. When aluminium is used to deoxidize 
copper, four species of deoxidation product are formed: CuO-Al2O3, Cu2O-Al2O3, CuAlO2 or Al2O3. 
Zinc reacts with Al2O3 after it has become ZnO in the brass; the product after a reaction is ZnAl2O4. 
[14] [15] [16]: 

(𝐴𝐴𝐴𝐴2𝑍𝑍3)𝛼𝛼 = 𝐴𝐴𝐴𝐴 + 3𝑍𝑍  and the Gibbs free energy change reaction may be written as follows: 

 −(∆𝐺𝐺0)/𝐽𝐽 = 1682927− 323.239 ∗ 𝑇𝑇 [17] (1) 
 

 

Al2O3 is pure (99.9%) so that a solid form of Al2O3 can be assumed to have 𝑎𝑎𝐴𝐴𝐴𝐴2𝑂𝑂3 = 1. Also, the 
equilibrium constant K is written: 

 𝐾𝐾 = (𝑎𝑎𝑂𝑂(𝐶𝐶𝐶𝐶)
3 𝑎𝑎𝐴𝐴𝐴𝐴(𝐶𝐶𝐶𝐶)

2 )𝑒𝑒𝑒𝑒 (2) 
 

The calculation method of K is shown below: 

 
𝐾𝐾 = 𝑀𝑀𝑒𝑒𝑒𝑒 �

−∆𝐺𝐺0

𝑅𝑅𝑇𝑇 � 
(3) 

 

where R is gas constant and T is temperature. 

Furthermore, 𝑎𝑎𝑖𝑖 is the activity species 𝑖𝑖 in liquid Cu. The activities are explained by Henry’s Law in 
terms of mass percent: 

 𝑎𝑎𝑖𝑖 = 𝑓𝑓𝑖𝑖[%𝑖𝑖] (4) 
 

 

where 𝑓𝑓𝑖𝑖 is the activity coefficient of (𝑖𝑖) in liquid copper. Therefore, the reaction equilibrium 
constant K can be written as follows: 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = 3𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝑂𝑂 + 3log[%𝑍𝑍] + 2𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝐴𝐴𝐴𝐴 + 2 log[%𝐴𝐴𝐴𝐴] (5) 
 

The dependence of the activity coefficient in the concentrations in multi component systems is 
expressed using the solute interaction parameters 𝑀𝑀𝑖𝑖

𝑗𝑗 according to Wagner’s formalism, which is 
defined as follows: 

 log𝑓𝑓𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑖𝑖 [%𝑖𝑖] +  ∑𝑗𝑗  𝑀𝑀𝑖𝑖
𝑗𝑗[%𝑗𝑗]. (6) 
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The values of the interaction parameters are shown in Table 2. If the first order interaction 
parameters are inserted into equations, the following equation is obtained: 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 − �3𝑀𝑀𝑂𝑂𝑂𝑂 + 2𝑀𝑀𝐴𝐴𝐴𝐴𝑂𝑂 �[%𝑍𝑍] − 3 log[%𝑍𝑍] = �3𝑀𝑀𝑂𝑂𝐴𝐴𝐴𝐴 + 2𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴�[%𝐴𝐴𝐴𝐴] + 2log [%𝐴𝐴𝐴𝐴] (7) 
 

 

In the melt, the total oxygen concentration decreases by increasing the dissolved aluminium content 
in the liquid metal. A deoxidation of molten metal is done so that a certain level of Al remains in the 
melt as dissolved Al. The remaining dissolved Al level can be neglected for eco-brasses. During the 
experiment an addition of Al-foil was made so that the level of aluminium is about 0.02wt.-%Al. 
About 0.02wt.-%Al deoxidizes about 0.014wt%O in the molten brass. In Figure 6, it is shown that 
the wt.-%O reacts with wt.-%Al in a molten copper alloy at 1373K. 

 

Figure 6 Solved oxygen content by aluminium for CW511L brass at 1373K. 

 

 

2.2. Kinetics of Al2O3 inclusion formation 
2.2.1. Nucleation of inclusion 
According to classical spherical homogeneous nucleation theory, the formation of a new phase 
occurs by supersaturation. This nucleation can be express as shown below: [18] [19] 

 

 ∆𝐺𝐺 =  
4
3
𝜋𝜋𝑟𝑟3∆𝐺𝐺𝑣𝑣 + 4𝜋𝜋𝑟𝑟2𝛾𝛾. 

(8) 
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Figure 7 The free energy change associated with homogeneous nucleation of sphere radius r. [20] 

The first term which is the blue line in Figure 7 expresses the volume free-energy change and the 
second term which is red line in Figure 7 expresses the surface free energy of a nucleus; γ represents 
the interfacial tension between the nuclei and parent phase. The parameter ∆𝐺𝐺𝑣𝑣 is expressed by the 
following given equation for pure metals:   

                                                                                                                                                                                                                                                        

 ∆𝐺𝐺𝑣𝑣 = −
𝐿𝐿𝑣𝑣∆𝑇𝑇
𝑇𝑇𝑚𝑚

 
 

(9) 
 

 

where, 𝐿𝐿𝑣𝑣 is the latent heat of fusion per volume of metal. 

The change of the free energy per volume for reaction ∆𝐺𝐺𝑣𝑣 is formulated by using the degree of 
supersaturation S of the initial parent phase: 

  

 ∆𝐺𝐺𝑣𝑣 = −
𝑅𝑅𝑇𝑇
𝑉𝑉𝑚𝑚

𝐴𝐴𝑍𝑍𝑙𝑙 
 
(10) 

 
 

where, 𝑉𝑉𝑚𝑚 is the molar volume of Al2O3, r is the gas constant and T is the temperature. 

The size of the critical radius (𝑟𝑟∗) is dependent on the interfacial free energy or the supersaturation of 
the melt. 𝑟𝑟∗ can be express as follows: 

 𝑟𝑟∗ =  
2𝛾𝛾

(−∆𝐺𝐺𝑣𝑣)
 

(11) 
 
 

According to classical homogenous nucleation theory, the critical radius 𝑟𝑟∗ in equation (11) can be 
written as follows: 

 𝑟𝑟∗ ≡ −
2𝛾𝛾𝑉𝑉𝑚𝑚
𝑅𝑅𝑇𝑇𝐴𝐴𝑍𝑍𝑅𝑅

 
 
(12) 
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If 𝑟𝑟 > 𝑟𝑟∗,  a nucleation occurs and precipitated particles start to grow. The size of the nuclei is 
depended on mostly the interfacial free energy (γ). The particles are able to grow due to a decrease of 
the value of ∆G. By substituting 𝑟𝑟∗in equation (8), the equation can be rewritten as follows: 

 
∆𝐺𝐺∗ = ∆𝐺𝐺(𝑟𝑟∗) =

16𝜋𝜋
3

∗
𝛾𝛾3

(∆𝐺𝐺𝑣𝑣)2
 

 
(13) 

 
 

The activation energy for homogeneous nucleation is expressed in equation (13).  

For the oxide phase in melt; the deoxidation reaction is written follows: 

 𝑒𝑒.𝑀𝑀𝑀𝑀 + 𝑦𝑦.𝑍𝑍 = 𝑀𝑀𝑀𝑀𝑥𝑥𝑍𝑍𝑦𝑦 (14) 

 

where, 𝑀𝑀𝑀𝑀 is the metal and 𝑍𝑍 is the oxygen. 

O and Me have a stoichiometric relation. Figure 8 shows how the deoxidizer reacts with oxygen. As 
seen in the reaction in equation (14), the oxygen content rapidly decreases in the melt. The free 
energy can be written as follows for reaction (14): 

 ∆𝐺𝐺𝑖𝑖 = ∆𝐺𝐺𝑖𝑖𝑜𝑜 + 𝑅𝑅𝑇𝑇𝐴𝐴𝑍𝑍
𝑎𝑎𝑀𝑀𝑒𝑒𝑥𝑥𝑂𝑂
𝑎𝑎𝑀𝑀𝑒𝑒𝑥𝑥 .𝑎𝑎𝑂𝑂

 

 

(15) 

The oxygen content of the melt has a direct effect on the value ΔG, where the increase of the oxygen 
content in the melt results in a decreased ΔG value due to a decrease of the surface tension value. 
The Interfacial free energy between the liquid copper and solid Al2O3 strongly depends on the 
oxygen content and contact angle in the liquid copper. Figure 9a shows the interfacial free energy as 
a function of the partial pressure of oxygen. Figure 9b shows the contact angle values, which most 
commonly are between θ=1100-1300. The values of the angle shows that the nucleation is a 
heterogeneous nucleation. For a heterogeneous nucleation, a lower driving force (−∆𝐺𝐺𝑚𝑚) forms the 
oxide from a phase. Heterogeneous nucleation’s occurs mostly in industrial applications. [12] 
According to Figure 9, the interfacial free energy between Al2O3 and copper is about γ=1.0 J/m2 at 
10000C and γ=1.2 J/m2 at 11000C.  

 

Figure 8 Schematic overview of precipitation deoxidation [12] 
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Figure 9a Relation between partial pressure of oxygen and interfacial free energy for Cu/Al2O3 b) The contact angles 
between copper and 𝐿𝐿𝑙𝑙𝑔𝑔𝑝𝑝(𝑍𝑍2) [21] 

These estimations are reasonable to use for pure copper, in order to create a nucleation model. In 
doing this, it is crucially important to obtain values of the interfacial energies (γ) and the critical 
radius (𝑟𝑟∗) of copper-based alloys such like brass alloys. [18] [19] [20] [12] [22] 

2.2.2. Growth  
The nuclei have an unstable form as the ΔG has its maximum value, which is depending on time and 
supersaturation. Specifically, either it disappears by absorption (𝑟𝑟 > 𝑟𝑟∗) or it grows (𝑟𝑟 < 𝑟𝑟∗). When 
the nuclei reach a critical size and start to grow, the inclusions start to separate from the melt due to 
density difference. The inclusions which are separated from the melt shows a decreased oxygen 
content in the melt. The non-metallic inclusion growth and separation mechanisms in liquid copper 
and copper alloys are likely to be the same as in liquid steels. 

The growth of inclusions starts with diffusion of dissolved oxygen and a nucleation of the deoxidizer 
growth may occur due to coalescence diffusion or Oswald ripening, Brownian collision, collision 
due to velocity gradients in the melt and Stokes collisions. [12]  

The stirring and convection also effect the non-metallic inclusions content in the liquid brass. Here, 
Stokes’ Law (16) can be used to calculate the inclusion flotation in the absence of stirring. 

 
 𝑣𝑣 =

2
9
∗
𝜌𝜌𝑚𝑚𝑒𝑒𝐴𝐴𝑚𝑚 − 𝜌𝜌𝑝𝑝

𝜇𝜇
∗ 𝑔𝑔 ∗ 𝐷𝐷𝑝𝑝2 

(16) 
 

 

where, 𝑣𝑣 is the flotation speed (m s-1), 𝑔𝑔 is the gravitational acceleration (9.81m s-2), 𝐷𝐷𝑝𝑝 is the 
diameter of the particles (≈ 6-36µm), 𝜌𝜌𝑚𝑚𝑒𝑒𝐴𝐴𝑚𝑚  is the density of the melt (≈8.4 g cm-3),  𝜌𝜌𝑝𝑝   is the 
density of the particles (≈ 4.0 g cm-3) and µ is the dynamic viscosity of the melt (≈ 4m Pa s) [23] 

For the current brass sample the flotation speed is between (8.6 x10-5 to 3.1x 10-3) m s-1, the flotation 
speeds are calculated to be 6 and 36µm, respectively. Larger size inclusions, which are 36µm, can 
float up faster than 6µm inclusions due to a higher buoyancy. Most of the inclusions can float from 
bottom to surface in an ingot sample is no longer than 5-7 minutes. The ingot in the crucible has a 
depth of around 3 x10-2 to 3.5 x10-2 m. 

a-) b-) 
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2.3. Thermodynamic Expectations 
The interaction between a non-metallic powder such as Al2O3 in molten brass can be predicted by 
thermodynamic calculations. The following reactions (17), (18) and (19) are exothermic reactions in 
which Al2O3 cannot react with zinc or copper based on thermodynamics. [24] [25] All 
thermodynamic considerations and calculations are based on CuZn38 brass alloys. 

 

 3𝑀𝑀𝑀𝑀𝑍𝑍 + 2𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴2𝑍𝑍3 + 3𝑀𝑀𝑀𝑀 (17) 
 

 3𝐶𝐶𝐶𝐶𝑍𝑍 + 2𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴2𝑍𝑍3 + 3𝐶𝐶𝐶𝐶 (18) 
 

 3𝑍𝑍𝑍𝑍𝑍𝑍 + 2𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴2𝑍𝑍3 + 3𝑍𝑍𝑍𝑍 (19) 
 

 

2.3.1. ZnO in Molten Brass 
Oxygen can react with alloy elements dissolved in brass. Copper and zinc can easy react with oxygen 
in molten brass and become CuO and ZnO, respectively. Zinc is oxidized easier than copper. In this 
section, the focus is more on zinc reactions with oxygen and Al2O3. [26] 

The oxidation reaction of zinc can be written as follows for the Cu-Zn-O system: 

 𝑍𝑍𝑍𝑍(𝐴𝐴) + (1/2)𝑍𝑍2(𝑔𝑔) = 𝑍𝑍𝑍𝑍𝑍𝑍(𝑙𝑙) 
 
∆𝐺𝐺0/𝐽𝐽 = −353130 + 106.98 ∗ 𝑇𝑇 [16] 

(20) 
 

 

Dissolution reactions of oxygen and zinc into molten copper can be written as follows: 

 (1/2)𝑍𝑍2(𝑔𝑔) = 𝑍𝑍(%) 
 
∆𝐺𝐺0/𝐽𝐽 = −76580 + 12.01 ∗ 𝑇𝑇 [16] 

(21) 
 

 

 𝑍𝑍𝑍𝑍(𝐴𝐴) = 𝑍𝑍𝑍𝑍(%) 
 
∆𝐺𝐺0/𝐽𝐽 = −22840 + 38.53 ∗ 𝑇𝑇 [16] 

(22) 
 

 

If the reactions from equations (20), (21) and (22) are combined the following reactions can be 
obtained: 

 𝑍𝑍𝑍𝑍(%) + 𝑍𝑍2(%) = 𝑍𝑍𝑍𝑍𝑍𝑍(𝑙𝑙) 
 
∆𝐺𝐺0/𝐽𝐽 = −253710 + 133.5 ∗ 𝑇𝑇 [16] 

(23) 
 

 

 𝐾𝐾 = (𝑎𝑎𝑂𝑂(𝐶𝐶𝐶𝐶)𝑎𝑎𝑍𝑍𝑍𝑍(𝐶𝐶𝐶𝐶)) (24) 
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The Equilibrium constant of equation (24) can be expressed as follows: 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = −𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝑧𝑧𝑍𝑍 − log[%𝑍𝑍𝑍𝑍]− 𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝑂𝑂 − log[%𝑍𝑍] (25) 
 

 

Equation (25) can be derived as follows based on Wagner equations’ and using the first order 
parameters: 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = −�𝑀𝑀𝑂𝑂𝑂𝑂 + 𝑀𝑀𝑍𝑍𝑍𝑍𝑂𝑂 �[%𝑍𝑍] − log[%𝑍𝑍] − �𝑀𝑀𝑂𝑂𝑍𝑍𝑍𝑍 + 𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍�[%𝑍𝑍𝑍𝑍]− log [%𝑍𝑍𝑍𝑍] (26) 
 

 

The values of the interaction parameters are shown in Table 2. Only the first order interaction 
parameters where used for the calculations. The activity of ZnO was neglected due to activity of pure 
elements, as 𝑎𝑎𝑍𝑍𝑍𝑍𝑂𝑂 = 1 for this experiment. The values of 𝑀𝑀𝑖𝑖 (atomic weight) ratio of oxygen and 
zinc were  4.087𝑤𝑤𝑤𝑤. %𝑍𝑍 = 𝑤𝑤𝑤𝑤. %𝑍𝑍𝑍𝑍. Hence, weight ratio of oxygen and zinc for ZnO in the brass 
alloy was calculated as follows by using Wagner equations´ (26): 

Wt.-%O =0.184     

Wt.-%Zn =0.752 at 1373 0K. 

 By calculating the oxygen and zinc values by using Wagner equation (26) it was possible to 
thermodynamically prove that there is a reaction between them in molten copper at 13730K.  

2.3.2. ZnO reaction with metallic Aluminium 
In section 2.3.1. ZnO in Molten Brass; in molten brass, the necessary values of zinc and oxygen were 
calculated for producing ZnO at 1373 0K. This section is about a thermodynamic consideration of a 
ZnO reduction by an addition of metallic aluminium. The reaction can be written as follows: 

 2𝐴𝐴𝐴𝐴 + 3𝑍𝑍𝑍𝑍𝑍𝑍 = 𝐴𝐴𝐴𝐴2𝑍𝑍3 + 3𝑍𝑍𝑍𝑍 (27) 
 

The equilibrium constant of (28) can be expressed as shown below, while assuming of  𝑎𝑎𝐴𝐴𝐴𝐴2𝑂𝑂3 = 1 
and 𝑎𝑎𝑍𝑍𝑍𝑍𝑂𝑂 = 1  because that Al2O3 and ZnO are considered as pure oxides: 

 
𝐾𝐾 = �

𝑎𝑎𝑍𝑍𝑍𝑍(𝐶𝐶𝐶𝐶)
3

𝑎𝑎𝐴𝐴𝐴𝐴(𝐶𝐶𝐶𝐶)
2 � 

(28) 
 

 

 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = 3𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝑧𝑧𝑍𝑍 + 3 log[%𝑍𝑍𝑍𝑍] − 2𝐴𝐴𝑙𝑙𝑔𝑔𝑓𝑓𝐴𝐴𝐴𝐴 − 2 log[%𝐴𝐴𝐴𝐴] (29) 

 

Equation (29) can be derived as follows on Wagner equation and using first order parameters: 

 

 𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = �3𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 − 2𝑀𝑀𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍�[%𝑍𝑍𝑍𝑍] + 3 log[%𝑍𝑍𝑍𝑍] + �3𝑀𝑀𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴 − 2𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴�[%𝐴𝐴𝐴𝐴]− 2log [%𝐴𝐴𝐴𝐴] (30) 
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The values of the interaction parameters are shown in Table 2 and using the first order interaction 
parameters specified in equation (30) above. For wt.-%Al =0.02 and wt.-%Zn =0.752 in molten brass 
at 1373 0K; 

𝐴𝐴𝑙𝑙𝑔𝑔𝐾𝐾 = 3.051  

∆𝐺𝐺0 = −12,839,276𝐽𝐽  

At 1373 0K, the exothermic reaction 2𝐴𝐴𝐴𝐴 + 3𝑍𝑍𝑍𝑍𝑍𝑍 = 𝐴𝐴𝐴𝐴2𝑍𝑍3 + 3𝑍𝑍𝑍𝑍  can occur in molten brass. The 
thermodynamic consideration shows that ZnO can be reduced by metallic aluminium presents in 
molten brass.  

2.3.3. Formation of ZnAl2O4 spinel in Molten Brass. 
 

K.T. Jacob [26] reported that ZnO can react with Al2O3 in molten brass and under the formation of 
produce a ZnAl2O4 spinel. The reaction is written as follows:   

The reaction above shows that a spinel form can be expected in the brass alloy including alumina 
inclusions. 

 

A.Hedayati et al. [27] reported that ball milling can be used to form ZnAl2O4 by a reduction of ZnO 
and Al powder mixture. The ball milling reaction is written as follows: 

For the reaction above; no published data or research has been found in the literature regarding 
molten copper, copper alloys or any kind of brass alloys. It is believed that a further understanding of 
the reaction mechanisms of any copper-zinc alloy is helpful for an optimization of thermodynamic 
calculations as well as for an improved understanding of the behaviour of alumina powders in molten 
brass.  

Table 2. Thermodynamic information for Al and Zinc in molten copper 

 𝑍𝑍𝑍𝑍𝑍𝑍𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑧𝑧𝑖𝑖𝑚𝑚𝑒𝑒 + 𝐴𝐴𝐴𝐴2𝑍𝑍3 = 𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴2𝑍𝑍4 

∆𝐺𝐺0 = −10,750 + 1.57 ∗ 𝑇𝑇(±150)𝑐𝑐𝑎𝑎𝐴𝐴 
 

(31) 
 

 3𝑍𝑍𝑍𝑍 + 4𝐴𝐴𝐴𝐴2𝑍𝑍3 = 3𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴2𝑍𝑍4 + 3𝐴𝐴𝐴𝐴 (32) 
 

Parameter Function 
with 

temperature 

Validity 
Range 

Value at 
1373K 
J/mol 

Reported 
Value at 
1373 K 
J/mol 

Ref. 

𝜀𝜀𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 4164/T 1373-1423 3.032 3.031 [28] 
[16] 

𝜀𝜀𝑂𝑂𝑍𝑍𝑍𝑍 1244-
2.06*106/T 

1373≤T≤ 
1523K 

-256.36 -256 [16] 
[14] 

𝜀𝜀𝑂𝑂𝑂𝑂 19.77-
39610/T 

0.0<No<0.2 -9.079  [29] 

𝜀𝜀𝑂𝑂𝑂𝑂 -31929/T 
+14.157 

1373-1673 -9.0979  [16] 
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*=calculated by using equation (33) 

**=calculated by using equation (34) for values given in Table 2. 

The Interaction Parameters can be calculated by using molar fractions based on equation (33). 

 
𝜀𝜀𝑖𝑖
𝑗𝑗 = 230 ∗ 𝑀𝑀𝑖𝑖

𝑗𝑗 ∗
𝑀𝑀𝑗𝑗
𝑀𝑀𝐶𝐶𝑤𝑤

+
𝑀𝑀𝐶𝐶𝑤𝑤 −𝑀𝑀𝑗𝑗
𝑀𝑀𝐶𝐶𝑤𝑤

 
(33) 

 
 

The Interaction parameters can be related by atomic weight, where  𝑀𝑀𝐶𝐶𝑤𝑤 and 𝑀𝑀𝑗𝑗 are atomic weights 
of copper and j respectively. The related equation (34) is written below: 

 
𝑀𝑀𝑖𝑖
𝑗𝑗 = 𝑀𝑀𝑗𝑗𝑖𝑖

𝑀𝑀𝑖𝑖

𝑀𝑀𝑗𝑗
+ 0.434 ∗ 10−2 ∗

𝑀𝑀𝑗𝑗 −𝑀𝑀𝑖𝑖

𝑀𝑀𝑗𝑗
 

(34) 
 

 

 
 

 

 

 

 

 

Continue.      
𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  1373  0.9 [17] 
𝜀𝜀𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴   1373  5.64 [30] 
𝜀𝜀𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴   1423  5.67 [30] 
𝜀𝜀𝑂𝑂𝐴𝐴𝐴𝐴    ≈-100 [31] 
𝑀𝑀𝑂𝑂𝑂𝑂 0.318-666/T 0.0<wt.-

%O <6 
-0.167  [29] 

𝑀𝑀𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍  1373 0.0129*   
𝑀𝑀𝑂𝑂𝑍𝑍𝑍𝑍   -1.081*   
𝑀𝑀𝐴𝐴𝐴𝐴𝑂𝑂    -1.029**   
𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  1373  3.32X10-3 [17] 
𝑀𝑀𝑂𝑂𝐴𝐴𝐴𝐴   -1.739*   
𝑀𝑀𝑍𝑍𝑍𝑍𝑂𝑂    -4.43**   
𝑀𝑀𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴   1373 0.0518*   
𝑀𝑀𝑍𝑍𝑍𝑍𝐴𝐴𝐴𝐴   1423 0.0521*   
𝑀𝑀𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍  1423 0.0241**   
𝑀𝑀𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍  1373 0.0239**   
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3. EXPERIMENT 
The experimental chapter will describe the methods and procedures used during the experimental 
work of the thesis project. The main experimental work includes: 

i. The powder investigation of supplied alumina powders. 
ii. SEM observations of the alumina powders. 

iii. Smelting of eco-brass. 
iv. Additions of the alumina powders in melt. 
v. Studies of non-metallic inclusions throughout the experimental using by SEM. 

3.1. Powder Investigation 
During experimental investigation two different size of the Al2O3 powders have been chosen for the 
investigation. A 99.99% purity grade of raw Al2O3 powders were supplied by Sasol CERALOX in 
U.S.A. The company codes of the powder were APA-1.6/30 C510800 and APA-8 C501419. 
Laboratory experiments were carried out by A. Karasev.  The powder investigation was done for 
checking the powder’s purity.  

For the removal of all impurities, all holders and used material for the experiment of the powder 
investigation were cleaned with tap water, pure water and methanol, respectively. Thereafter, some 
small amount of supplied 99.99% alumina powder were taken with a laboratory spoon and put in the 
glass holder. Then, methanol was added in the holder. Methanol does not react with alumina 
powders, so the methanol-alumina solution can be prepared for an ultrasonic bath treatment. The 
glass tubes were put in a Bandelin-SONOREX RK31, 0.9L ultrasonic bath for about 3 minutes 
(Figure 10a). The ultrasonic bath is helpful for the separation of the stacked alumina powders. After 
the ultrasonic process, the alumina and methanol solution was poured on the top part of the filtration 
system by using a 0.05µm filter where the powders were gathered. The filter is shown in Figure 10b.  
Specifically, a 0.05µm filter was used between top and middle parts where the filter was held in to 
place with a clamp. For distillation, suction with 0.l bar has been used for the filtration through the 
tube’s bottom part.   

    

Figure 10a-) Ultrasonic bath b-) Filtration system  

3.1.1. Scanning electron microscope observation of inclusions 
A SEM in combination with EDS is one of the main methods for the inclusion investigation due to a 
high resolution, a simple sample preparation, a high sensitivity, an easy to use, and a good 

a-) b-) 
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measurability. SEM combined with EDS are used to analyse non-metallic inclusions with respect to 
morphology, composition and size [11]. SEM has three modes as like secondary electron (SE), 
backscattered electron (BSE) and energy dispersive spectrometry (EDS).  

The pure raw Al2O3 powders which were gathered on the surface of the film filters were analysed by 
SEM (S3700N, Hitachi). A piece of filter was randomly cut from the whole film filter as described 
below. 

Figure 11 illustrated that the cutting film filter part was pasted on an aluminium holder with a 
conducting graphite tape. The backscatter electrons (BSE) mode was chosen for Al2O3 powders 
because of the BSE is utilized to create a different contrast due to elements weight. Here, heavy 
elements have a more light contrast than light elements. That’s why the BSE made was used to study 
non-metallic inclusions. The working distance was 10.8 mm and working voltage was 15kV in the 
studies of the raw alumina powders. Also, a low magnification of X300 was used for observation of 
the inclusions. 

                                                                                                        

 

 

 

Figure 11 Film filter and observation part 

3.2. Smelting  
The smelting operation of brass was done at KTH-Stockholm Material Science Department’s 
laboratory. The laboratory smelting of brass had been done by A. Karasev. During a laboratory 
experiment, about 492.2g of CW511L (CuZn38As) eco brass [9] was cut from the final product of a 
brass rod. The cutting process was done at KTH-workshop. The prepared pieces were added in a 
high quality Al2O3 crucible.  

The smelting experiment was performed in an induction furnace under atmospheric conditions. The 
temperature was measured by using a thermocouple, as shown in Appendix 1 as blue lines. The 
melting was started when the thermocouple had reached a temperature of 12210C, but the real 
melting was approximately 11000C. The thermocouple did not show the real temperature of melt 
owing to a non-contact with the melt. A red line in the Appendix 1 shows the literature melting gap 
of the CW511L brass. 

Figure 12 presents a schematic illustration of the main sampling brass operation. A schematic 
illustration of the experiment setup for the induction furnace is shown in Figure 13a. Figure 13b 
shows a schematic illustration of the quartz tube sampler (QT). which was used for taking sample 
brass in the melt with suction. The suction is taken from at the end of bottom Figure 13b with a small 
hole (∅ = ~1 𝑚𝑚𝑚𝑚).  

The melt was sampled at 20sec and 40sec and using the QT, respectively. The samplings were done 
by quartz tubes, which contain alumina powder. Specifically, the alumina powders were wrapped 
with aluminium folia in the QT because the powders may fall out from the quartz tubes. The QT 
samples were held in the melt for an aimed time and thereafter they were quenched with cold water. 
For the ingot sample (IS), 1,0005g alumina powder B with 0.089g aluminium folia were added and 
stirred 20 seconds after taking the QT samples.  
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Figure 12. Schematic illustration of main operation on CW511L brass melts and melts sampling 
during for experiment 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Different amount of alumina powders with alumina folia for the experiment 1. 

Sample 𝑾𝑾𝑨𝑨𝑨𝑨(𝒈𝒈) Powder 
Type 

𝑾𝑾𝑷𝑷(𝒈𝒈) 𝑾𝑾𝑷𝑷(%) 

QT20-
2 0.0229 A 0.0409 64.11 
QT20-
3 0.0232 B 0.0406 63.64 
QT40-
3 0.0164  0.0407 71.28 
IS 0.0890  1.0005 91.83 
 

The amounts of the alumina powders in the QT and ingot are shown in Table 3. 

APA-1.6/30 C510800 and APA-8 C501419 was selected for the smelting experiment and the 
powders are presented as powder A and B for respectively. The experimental was run for 20sec for 
powder A and 20 and 40 sec for powder B, respectively. For ingot sample (IS) powder B is used for 
experiment. The parameter 𝑊𝑊𝐴𝐴𝐴𝐴(𝑔𝑔) is the presented weight of the aluminium foil in grams. The 
parameters 𝑊𝑊𝑃𝑃(𝑔𝑔) is the weight of the alumina powder in grams and 𝑊𝑊𝑃𝑃(%) is the ratio of the 
alumina powder over the alumina powder and aluminium foil for the samplers, respectively. 
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Ø6mm 

Al2O3 powder in 
aluminum folia 

~1(𝑚𝑚𝑚𝑚) 

 

Air 

 

Melt 

H 
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Figure 13 a) Schematic illustration of the experiment setup in induction furnace and b) Quartz tube sampler with Al2O3 
powder in aluminum folia. 
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4. RESULTS 
This chapter presents experimental results for the powder investigations and smelting experiments. 
The evolution of the additions of non-metallic inclusions in the melt as well as after solidification in 
ingots is studied with a slow cooling rate and high cooling rate using quenched QT samples. 

4.1. Powder Analysis  
During the experimental investigation two of the raw Al2O3 powders have been chosen for the 
powder investigation, as mentioned in the experimental part discussing SEM investigations. The 
powders A and B, which were used for the melting experiment have been analysed to determine the 
particle size frequency by using two different methods, specifically, this was SEM images which are 
taken at 300 X magnifications and hand measurements (HM) with an electronic calliper and by using 
the image analysis program ImageJ (IM). 

Figure 14 shows the particle frequency of raw Al2O3 powder A. The parameters 𝑑𝑑𝑒𝑒𝑒𝑒 and n [%] 
indicate the size of particles and the percentage number of the particle frequencies on the observed 
areas, respectively. The blue columns and red columns indicate the IM and HM values, respectively. 
The SEM images can be found in Appendix 2 for the powder A. 

The parameter 𝑑𝑑𝑒𝑒𝑒𝑒 indicates the size of particles and the range of the size of particles are 2µm for 
Figure 14, Figure 15and Figure 16. The 𝑑𝑑𝑒𝑒𝑒𝑒 values are calculated as shown below: 

  𝑑𝑑𝑒𝑒𝑒𝑒 = √𝐿𝐿𝑒𝑒𝑊𝑊 (35) 
 

 

where, L is the length of the particles and W is the width of the particles.  

The parameter ∆d indicates the percentage of the difference between the IJ and HM values and it is calculated as 
shown below: 

 
∆d =

𝑑𝑑𝐼𝐼𝐼𝐼 − 𝑑𝑑𝐻𝐻𝑀𝑀
𝑑𝑑𝐼𝐼𝐼𝐼

 𝑒𝑒100 % 
(36) 
 

 

The result of the difference between the IM and HM values is shown in Figure 15; the maximum 
difference is not more than 14.42%. Most of the particles have a similar size in both the hand 
measurements and the ImageJ measurements. However, some particles’ sizes are not similar. The 
most common problem of using an ImageJ analysis that the IM program scan the particles as one big 
particles if they are overlapping. For the overlapping particles, it is necessary to erase some points or 
pixels and to split them into 2 particles. If some points or pixels are removed from the scanned 
images, the ImageJ analysis value becomes smaller than its normal value. The main problem of the 
hand measurement is the irregular shapes of particles, because hand measurements cannot handle the 
irregular shapes. 

Most of the particles’ differences are less than 10% (red dash line in Figure 15) between the IM and 
HM measurements. This difference can be an acceptable range for the raw alumina investigation. 
Hence, the ImageJ software is a very useful tool to determine the raw Al2O3 powders’ particle 
frequency for the SEM images. This is because the IM analysis is faster than the hand calculations. If 
there are no connected particles on the image, the difference is not more than 5% for most of the 
measurements.  When the ImageJ software is used for an investigation it must be done in a very 
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careful way. If an overlapping of particles occur, then particles should be redrawn and the data 
should be analysed again. 

Figure 16 shows the particle frequency of the raw Al2O3 powder B. Only the ImageJ measurement 
method was used to plot Figure 16, because of the only IM results was proved good enough for the 
raw Al2O3 powder investigation. A high quality of the results and a fast usage was confirmed from 
the powder A investigation. The SEM images can be found in Appendix 3 for powder B. 

 

 

Figure 14 Particle frequency for Al2O3 powder A. 

 

Figure 15 Difference of the IJ and HM values for the Al2O3 powder A. 
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Figure 16 Particle frequency for Al2O3 powder B. (IJ) 

4.2. Non-metallic inclusion evolutions in the melt 
In the melt section, some Al2O3 inclusions were added with aluminium foil in the melt.  
Details of the additions are shown in Table 3. According to Stokes’ Law (16) non-metallic inclusions 
are expected to float up to the top surface in both the IS and QT samples. 

4.2.1. Ingot Sample Analyses 
Non-metallic inclusions were observed in ingot parts of the brass melt. The inclusions which are 
aluminum or zinc based, are only observed at the surface regions of the ingot. The SEM observation 
that shows different zones have similar inclusions compositions for the melting of brass with 
different inclusion amounts and morphologies. These SEM observations are shown in  Figure 17a 
and  the red arrows shows the observed zones of the ingot. Figure 17b shows the ingot sample after 
solidification. The weight of the ingot sample is 403.7g. 

             

Figure 17a SEM observed parts on ingot sample b) Ingot sample 
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Ingot Sample  top 

Figures 18a and b show the SEM images which are observed from region 1 in Figure 17a. The image 
shows a slag region structure, which consists of pure ZnO. The slag layer has  about a 5-6 µm 
thickness on the surface, the layer is not continious along all of the top surface. On the surface area, 
Al2O3 particles can be formed in a few dots in the slag region. The size range of the layer  start 50-
80µm from the surface and the thickness of the layer is 4-7µm. The layer is formed by mostly 
separate Al2O3 and ZnO  inclusions or by a ZnAl2O4 spinel. Some small size Al2O3 oxide particles 
were observed below of the layer. In the metal matrix, some of Pb inclusions were also observed. 

Figures 18c and d show the SEM images which are observed from region 2 in Figure 17a. The image 
shows a slag region structure, which consists of pure ZnO. This slag zone is thicker than the one 
observed in region 1. The slag layer has an up to  25-30 µm thickness on the surface. On the surface 
area Al2O3 exsists in a few dots in the slag region, which is the same as was observed in region 1. 
The layer size range  and thickness of the layer shows similar results as in the region 1, but the 
formation and composition of the layer region 2 is slightly different than in region 1. The ZnAl2O4 
spinel formation is more clear and it is mostly found as a plate form in region 2. Some small size 
Al2O3 oxide particles have been observed at the downside layer is the as same as was found in region 
1. Also, in the metal matrix some Pb inclusions were observed. 

     

    

Figure 18 a) ZnO slag layer and non-metallic inclusion layer for an ingot sample taken at the top 
surface from region 1, b) Non-metallic inclusion layer at a higher magnification for region 1, c) a 
ZnO slag layer and a non-metallic inclusion layer for an ingot sample taken at the top surface for 
region 2, and d) a Non-metallic inclusion layer at a higher magnification of a sample region 2  
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Figure 19 shows that the oxide particles layer has a high content of Al2O3. The layer size of the oxide 
particles can reach a value of up to 200µm and the layer starts at a distance of 10-25µm from the 
surface. The size of the alumina oxide particles are mostly under 1µm. These alumina oxide particles 
grow as spherical, small primary dendrites and aggregates. Among inclusions larger than 1µm some 
ZnAl2O4 oxide particles can be observed. Figure 19d presents a schematic ilustration of the ZnAl2O4 
oxide particles. In the oxide particles layer Pb was distributed in some points, where Pb is observed 
as very light dots (white) due to weight.  

 

 

 

    

    
Al2O3

Zn

 

Figure 19 a) Oxide particle layer without a slag layer, b) Oxide particle layer with a slag layer, c) 
Oxide particles at a higher magnification, and d) different growth mechanism for ZnAl2O4 oxide 
particles 

 

Ingot sample  bottom and side of the bottom 

Figure 20a shows the SEM images from region 3 in Figure 17a. The slag layer has  about a 10-12 
µm thickness on the surface. This slag layer can be found at some parts on the surface piece in the 
piece from region 3. On the surface, Al2O3 exsists in a few places in the slag region as well as in the 
top part of the ingot. Region 3 have oxide layers which contain Al2O3, ZnO and ZnAl2O4. The layers 
start at a distance at least 120µm from the surface. In addition, the thickness of the layer is similar to 
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what was found in the top part, but the layer is not continious as found in the top part. In this layer 
the amount of ZnAl2O4 spinels is less than in the top part of the ingot. Some small size Al2O3 oxide 
particles were also observed downside of the layer. However, the area and number of the oxide 
particles are less than in the top part. Also, Pb inclusions are found in region 3. Figure 20b shows the 
region 4 in Figure 17a. Both an oxide particles formation and layer formation were observed in 
region 4. The layer was made up of ZnO.Al2O3. 

Staffanssons et al. [14] reported that the oxygen potential level is not enough to precipitate a ZnAl2O4 
compound between the alumina crusible and zinc and oxygen in the copper melt. Also, G.Siwiec et 
al. [15] reported results from a copper deoxidation process in an alumina crucible. They found that  
the oxygen potential level had decreased from 0.02 to 0.005% and that CuO.Al2O3 or Cu2O.Al2O3 
could be one percent. Zinc can react with oxygen easier than copper, so the observation of ZnAl2O4 
is expected. In the present work, ZnO.Al2O3 spinels were observed both at the bottom surface area 
region 3 and 4.  

  

Figure 20 a) ZnO slag layer and non-metallic inclusion layer for Ingot sample bottom surface b) 
Oxide particles layer on the side of the bottom  

4.2.2. Quartz tube Sample Analysis 
In Table 3, the amount of the raw alumina powder and metallic aluminium in the quartz tubes are 
shown. Figure 21a and b show the SEM images, which are taken from the sample QT20-B.The oxide 
particles formations have been observed from the surface area of the sample. Probably the oxide 
particles formations were caused by a reaction with metallic aluminum. The powder which was 
added, could not observed from the surface area because the suction of molten metal had started after 
9 seconds. This means that the molten metal has stayed 11s before being quenched.  Figure 21c 
shows the unmelted aluminium foil, which is 3-4 mm from the surface. Figure 21d shows the pure 
Al2O3 particles, where they were observed at least 3 mm from top part. The particles do not have a 
similar shape as the added non-metallic powder. Those primary inclusions were not removed from 
the QT sample. The reaction could not happen under the circumstances and therefore secondary 
inclusions could not be formed. The weight of the QT20-B sample was measured as 18.8g.  

Figures 22a and b show SEM images from the QT40-B sample. Oxide particle formations have been 
observed at the surface area. Probably the oxide particle formation was caused by a reaction with 
metallic aluminum, which is the as same as was observed in the QT20-B sample. The reasearch of 
the SEM observations and EDS analysis is limited for the QT40-B sample. The sample weight of the 
QT40-B sample was measured as 16.5g. 
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The sample QT20-A was not analysed by SEM, because while suction molten metal it did not 
implicate neither the foil or raw alumina powders (due to buoyancy). The sample weight at the 
QT20-A sample of was measured as 10.5g.     

The achieved results illustrate that the holding time in the melt has practically no effect on the result 
due to the absence of stirring of the melt in the QT sample.  

  

  

Figure 21 a-b) QT20-3, oxide particle layers on the surface c) QT20-3, Unmelted Al-folia d) 
QT20-3, Al2O3 particles   

 

 

  

Figure 22 a-b) QT40-3oxide particle layers on surface and A2O3 particles 
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4.3. EDS Spectrum for both Ingot and QT samples 
 

An EDS analysis representing the slags region is shown in Figure 23. The spectrum shows that the 
slag regions are made of pure Zinc oxide, since the peaks are only zinc and oxygen. The EDS results 
in Figure 24 show an analysis for a random part of the layer. The spectrum shows that the elements 
Al, Zn, Cu and O have big peaks and that Pb and C have small peaks. Cu comes from the metallic 
matrix consisting of Cu and Zn, the Zn peak is high for the metallic matrix due to the composition of 
brass. Zn must be form as ZnO when reacting with the atmosphere.  Aluminium does not have very 
strong peaks for the metallic phase. Hence, aluminium is presenting oxide form as Al2O3. Pb is 
present in the metal matrix and the carbon peak can be neglected. Figure 25 shows EDS results taken 
from oxide particles. Spectrums containing Cu, Zn, O and Al have strong peaks. Also, there are a lot 
of small peaks from other elements, but they can be neglected for the moment. The oxide particles 
spectrum can be the Cu-Zn metal matrix, ZnO and Al2O3. 

 

Figure 23 EDS Spectrum showing number 1 in the slag layer. 

 

Figure 24 EDS Spectrum showing number 4 in the Layer. 
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Figure 25 EDS Spectrum showing inclusion number 9.  
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5. CONCLUSIONS 
The influence of small size ≤20µm alumina inclusion additions combined with an aluminium 
deoxidization of liquid CW511L eco-brass was in the brass investigated. Thermodynamic 
investigations were done based on data obtained from the literature for a brass grade. Based on the 
results, the following main conclusions may be drawn: 

1- ImageJ is a good enough software to use alone for studies of Al2O3 particles in brass 
samples. Also, the use of ImageJ for the studies of raw powder is faster than by using hand 
measurements. 

2- The use of non-metallic inclusions and deoxidizers in brass demonstrate some similar 
characterization as when they are used in steel. Primary added non-metallic inclusions were 
removed from the melt.  Thereafter, secondary non-metallic inclusions were produced during 
solidification. The observed Al2O3 particles were spherical, small primary dendirites and 
aggregates. The results showed that Al2O3 oxide particles under 1 µm are pure that they are 
secondary inclusions similar to what can be found in steel. Also, that inclusions larger than 1 
µm can start to react with ZnO and form ZnAl2O4 spinel oxide particles. If spinel oxide 
particles continue to grow, they transform into a plate-like morphology or a spherical 
morphology. Thereafter, they form a layer.  

3- Brass have reacted with the Al2O3 crucible and formed a small slag layer between crucible 
and melt. Consisting of oxide particles and ZnAl2O4 spinel layer which were both spherical 
and plate-like. 

4- The results from the quartz tubes show similar results as the result from ingot samples. To 
obtain a better accuracy with respect to the oxide particles and morphology an additional 
deeper analysis is needed for the QT samples. 

5- A quartz tube sampling is not fit to use under this circumstance due to a high amount of slag 
layer over the ingot sample. The slag layer did not enable a successful suction of a sample. 

6- When using quartz tube samples above ≥20 s is necessary for melting and to initiate a 
reaction with Al added as a foil in the sample. 

7- The thermodynamic considerations show similar results as the experimental data for Al2O3 
and Al-deoxidizer in brass melting. Thus, these calculations can be used for before any brass 
melting experiment with addition alumina powder to optimize the conditions.  
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6. FUTURE WORK 
As mentioned earlier, very little work has been done to study inclusions in brass. Despite this initial 
work, the following is suggested in the future: 

1- Quantitative measurements of oxide particles and determinations of morphologies are should 
be made on more samples as both ingot and QT samples.   

2- To measure, “How the time effect the change of inclusions and deoxidizer in QT samples” 
during filling and solidification. 

3- To measure, “What are the effects of secondary Al2O3 inclusions on the chemical and 
mechanical properties of the brass alloy.” 

4- To measure, “What are the effects of ZnAl2O4 formation layers as chemical and mechanical 
properties of the brass alloy.” 

5- To measure, “How the temperature effect the ZnAl2O4 morphology.” 
6- Repeat the current experiments, but using an argon atmosphere to protect the melt from 

reoxidation. Study of this would influence the change of inclusions or deoxidizers. 
7- The change of the deoxidizer needs to be further investigation for brass alloys. 
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Appendix 

 

Appendix 1Schematic illustration of experimental heating operation for CW511L brass melting in experiment 1 

 

 

  

Appendix 2 SEM images of AL2O3 powder A  
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Appendix 3 SEM images of AL2O3 powder B  
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