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PREFACE 
 

Lead is a toxic metal which exists in nature normally. Several measures 
have been considered to eliminate/reduce the levels of lead in products related to 
the plumbing systems, as it is in direct contact with the drinking water. Due to 
lack of success in producing lead free products economically has triggered the 
expulsion of lead free concept. This raises the potential risk on the health of 
humans and the environment as well due to recycling problems of lead alloyed 
materials.  

The main aim of this project is to develop sustainable manufacturing 
technique for the production of lead free brass products by replacing lead with 
silicon and also identifying the influence of tool materials, tool geometry and 
coatings for the lead free copper alloys. 

This thesis deals with the study of surface layer characteristics of the brass 
samples which includes characterization of the subsurface deformation (altered 
material zones). Based on the results, the guidelines for the production of the brass 
components are generated in accordance with the research methodology. The 
master's project in cooperation with Chalmers University-Lund University and 
MMA in Markaryd, SECO Tools along with Lund University consortia conducted 
at Halmstad University under the guidance of Prof. BG Rosén. 
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ABSTRACT 

 
The addition of lead to the copper alloys increase the machinability of the 

work material (without reference here to environmental factors) and reduces the 
overall production cost of the components at different stages, despite copper 
being expensive, which makes a challenging task to replace lead. But the 
alarming effects of lead on human health and the recycling problems has led to 
the increase in concern for reducing/eliminating the use of lead in brass and other 
copper alloys. Many materials are considered to replace lead in brass; silicon is 
one such alternative. 

The machined brass samples are investigated using the state of the art 
equipment at Halmstad University. The results obtained are identification of 
subsurface deformation and quantifying using hardness alterations and grain 
analysis on the subsurface images. 

This thesis characterizes the lead and the lead free brass's surface 
metallurgy for a certain cutting data. The study includes identification of altered 
material zones (AMZ) defined by the plastic deformation, hardness alterations 
and grain distributions. 

The study results include the analysis of deformed subsurface region and 
comparison exemplifying differences between the two materials under two 
different studies. The research focuses on the relation between the cutting feed 
and the altered material zones (AMZ). Study1 includes comparing the lead brass 
with lead free brass samples machined at cutting speed of 400m/min, feed rate 
0.2mm/rev and 0.8mm depth of cut. Study2 includes lead free brass samples 
machined at feed rates 0.06, 0.1, 0.15 and 0.2mm/rev respectively, 1.5mm depth of 
cut and cutting speed of 200m/min. The results suggest higher depth of subsurface 
deformation in lead brass compared to lead free brass. The research forms the 
basis for further investigations of the samples machined at different machining 
conditions. 
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1. INTRODUCTION 

Lead, a ubiquitous and versatile metal, has been used since prehistoric 

times; also it is toxic metal which exists in nature normally. Lead alloyed 

components are dangerous to human health and environment. It has become 

widely distributed and mobilized in the environment and human exposure. Uptake 

of this non-essential element has consequently increased. Usually the 

recommended levels of lead is 5 micrograms per liter in drinking water, intake of 

above levels damages are almost all organs and organ systems, most importantly 

the central nervous system, kidneys and blood, culminating in death at excessive 

levels. At below levels, haemic synthesis and other biochemical processes are 

affected, psychological and neurobehavioral functions are impaired, and there is a 

range of other effects [19]. 

Another critical risk springing up out of the lead brass components is the 

contamination of the alloyed material which outcomes in recycling whilst the 

brass or bronze components is joined to different metallic components. This 

causes severe danger to the environment and increases issue on recycling of 

components with lead content material and the component connected to it as well. 

The lead free components imply no recycling problems and significantly low 

environmental threat. 

1.1 BACKGROUND 

Brass is a copper alloy and generally consists of 2-11% lead. The 

permissible content of lead in household components is 2-4% [22].  The only 

solution to be found is that you eventually have to ban all use of lead that can 

reach the eco system. Lead is not directly soluble in other metals and it is often 

distributed between grains and on surface of the parent material of the 

components. The addition of lead to material alloys can be carried out for variety 

of different reasons, although the primary reason for adding it is to reduce the 

manufacturing costs of the component at different stages of processing [8]. 

 Lead particles are dispersed on the surface of the brass, so the handling of 

the material caused direct exposure to lead. This has led to the increase of lead 

content in the ecosystem which has dangerous consequences associated with it as 

explained in the earlier section. Using lead free brass products to avoid the effects 

of lead is as important as producing the alternative material economically.  

There are other reasons for the continued failures to make the use of lead 

free material; a low degree of consciousness on the parts of consumers regarding 

the health dangers connected with use of lead. Difficulties in the adequate 
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marking and handling of the flows of lead materials in attempts to recycle lead 

free materials. Being able to produce copper alloy components that are basically 

lead free, economically competitive and function efficiently. These reasons 

exclaim a research on the optimum technique that can be used in developing each 

of the required processing steps and manufacturing lead free components 

effectively. 

The surface integrity of the two materials under study are compared to 

notice the differences and to identify the suitable cutting parameters to obtain 

optimum lead free brass subsurface. These results of the research forms the 

reference for further improvement in the manufacturing process parameters and 

finally to accomplish the sustainable manufacturing of lead free brass. 

1.2 AIM OF THE STUDY 

The primary motive of this project is to reduce or drastically eliminate the 

use and distribution of lead in the society and in the eco system. Create the 

technical conditions with help of, among other things, new and innovative tool 

technologies, to summarize the results of the project into guidelines for the 

sustainable manufacturing of lead free copper alloys.  

This research deals with the following sections of the project: 

i. The study includes characterization of the influence of final machined lead 

and lead free brass on surface layer characteristics. 

ii. To perform experimental studies and evaluate the subsurface features of 

lead- and lead free brass. 

iii. To identify the AMZ's (altered material zones) of lead and lead free brass 

and to compare the two materials based on the hardness alterations and the 

grain distribution. 

1.2.1 PROBLEM IDENTIFICATION 

Lead can provide the benefits for the functional properties of the materials 

in many applications by improving tribological conditions. The technical 

advantages in manufacturing that are achieved through the addition of lead mainly 

reduce the manufacturing costs. But the negative effects of lead on human health 

and the recycling problems has led to the increase in concern for 

reducing/eliminating the use of lead in brass and other copper alloys. Many 

materials are considered to replace lead in brass; silicon is one of the alternatives. 

The results from replacing lead with silicon suggest that the production cycle time 

and the manufacturing cost which may increase up to 30%- 40%. This increase in 
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production cost of the components in different stages has led to the research for 

the manufacture of lead free products economically [8]. 

This study requires subsurface testing to ensure that the lead free 

component attains and exhibits better material properties and surface metallurgy 

characteristics compared to its leaded counterpart. The research involves 

characterization of the surface integrity by identifying the subsurface deformation 

of lead and lead free brass samples affected by the machining conditions using the 

state of the art equipment. It is important to define the quality and to quantify the 

surface layer characteristics of the two materials under study. 

1.3 LIMITATIONS: 

The research is conducted on the leaded brass alloy, CuZn39Pb3and the 

lead free brass alloy, CuZn21Si3P. The investigations can be contrived for 

different lead free copper alloys and is limited to the mentioned samples.  

i. A couple of trails of hardness tests are carried for each sample. Due to the 

size of the indenter, the measurements within 20 µm from the surface edge 

are not possible. More accurate measurement of hardness in this region 

can be obtained by using nano-indentation method.   

ii. Grain analysis on the etched surface is a challenging task as time is a 

constraint for etching. The grains and grain boundaries are corroded on 

over-etched surfaces and are difficult to analyse. 

iii. Microstructure has not been resolved by this point in the preparation 

process of study samples; it is highly probable that the resulting surface 

after final polishing will still contain microstructural artifacts. 

iv. The grain analysis using Mountains Map software includes setting a 

threshold manually to separate the grains with large grain size which may 

cause uncertainty in the analysis of grains. 

1.4 INDIVIDUAL RESPONSIBILITY: 

The study is conducted by two master's students under the supervision of 

an academic supervisor from Halmstad University. Both authors Dharmendra 

Challapalli and Ahmad El Masri have put the same amount of effort in this thesis. 

This corresponds to the amount of time spent for measurements, analysing the 

measurements and gathering information regarding the project. Conclusions and 

results were cautiously deduced under the guidance of supervisor. 
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1.5 STUDY ENVIRONMENT: 

The advantage of using lead in the copper alloys outweighs the lead free 

counterpart. Since certain levels of lead is allowed in copper alloys and the failure 

to develop the sustainable manufacturing conditions for lead free components, 

gradual decline in the research of lead free materials has occurred. This has raised 

concerns on the increase in percentage of lead in the eco system. Thus an 

immediate requirement for the technology to produce lead free components 

economically has led to the development of this research study. 

This project can be adopted as the base for all further research on 

sustainable manufacturing of lead free materials. The preparation of study 

samples and the subsurface study is conducted at Halmstad University. 
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2. THEORY 

The properties of the two materials (lead and lead free brass) under 

investigation are discussed in this section. The importance of surface integrity and 

its influence on the material properties together with the subsurface layer 

characteristics availed in this study are briefed in this section. Also this section 

explains the workpiece preparation instruments and equipment used to study the 

subsurface deformation. 

2.1 LITERATURE REVIEW 

Brass is an alloy of copper and zinc and used mainly in low friction application 

due to its good tribological properties. 

 

Figure 1: Processing chains used in the manufacture components made by copper alloys [11]. 

The two materials under study are free machining brass/ lead brass and the 

Eco brass/ lead free brass. The material composition and the properties (Table 1) 

are based on the document provided by the Wieland-Werke AG, specialist 

manufactures of copper and copper alloys. Materials mentioned in the table 1 

were used in the machinability testing conducted at Lund University. 
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Material 
Machining 

Brass/Leaded brass 
Eco brass/ Lead free Brass 

Designation (En) 
CuZn39Pb3/ 

CW614N 
CuZn21Si3P 

Chemical Composition 

(Reference values in % 

by weight) 

 

Cu- 57.5%, Pb- 3.3%, 

Zn- balance 

 

Cu – 76%, Si- 3%, P- 0.05%, 

Zn- balance, Pb- max. 0.09% 

Physical properties (Reference values at room temperature) 

Thermal Conductivity 

(W/m*k) 
113 35 

Density (g/cm
3
) 8.46 8.25 

Modulus of elasticity 

(GPa) 
96 100 

Machining properties 

Machinability 

(CuZn39Pb3=100%) 
100% 80% 

 

 

Corrosion Resistance 

Machining Brass 

Exhibits Stress 

corrosion cracking 

and dezincification in 

warm, acidic waters. 

Eco brass exhibits good 

corrosion resistance due to 

alloying additions. The 

addition of silicon reduces 

the risk of stress corrosion 

cracking and dezincification. 

Table 1: Research samples chemical composition and properties [8]. 

2.1.1. INFLUENCE OF LEAD ON MACHINING OF BRASS 

Lead is soluble in molten brass however is rejected in the course of 

solidification, precipitating particles generally 1 to 10 microns in diameter, which 

is dispersed uniformly to acquire better machinability. During the machining 

phase, consisting of the turning operation, thin chips are produced and these are 

fragmented at very short lengths which makes it quite simply disposable. This 

reduces the device forces which nearly grow to be independent of the reducing 

speed and this therefore ends in brass machined for longer periods without an 

interruption because of update of tools or clearing the chips. The reduction in tool 

forces is due to the action of lead at the tool/work interface [11]. 

2.1.2 SURFACE INTEGRITY 

Surface integrity is the sum of all of the elements that describe all the 

conditions existing on or at the surface of a piece of finished hardware. Surface 

integrity has two aspects.  



 

7 
 

 

 

 

Surface topography characteristics which describes the roughness, 

waviness, errors of form and lay or texture of the outermost layer of the 

workpiece; i.e., its interface with the environment, and the Surface layer 

characteristics which describes the nature of the altered layers below the surface 

with respect to the base or matrix material. It is the assessment of the impact of 

manufacturing processes on the properties of the workpiece material. That can 

change through processing such as plastic deformation, residual stresses and 

cracks [9]. This research deals with the surface layer characteristics of the lead 

and lead free brass samples. 

 

Figure 2:  Simulated section [9]. 

2.1.3 SURFACE LAYER CHARACTERISTICS 

Surface layer characteristics, the second ingredient in surface integrity, is 

concerned primarily with the host of effects a process has below the visible 

surface. The subsurface characteristics occur in various layers or zones. The 

subsurface altered material zones (AMZ) can be as simple as a stressed condition 

different from that in the body of the material or as complex as a grain structure 

change interlaced with Intergranular attack (IGA). While undisturbed subsurface 

conditions are known, they are the exception. Changes can be caused by chemical, 

thermal, electrical, or mechanical energy and affect both the physical and the 

metallurgical properties of the material. The subsurface altered material zones can 

be grouped by their principal energy modes as follows [9]: 

Mechanical:  

 Plastic deformations  

 Tears and laps  

 Hardness alterations 

Surface Layer characteristics Surface Topography characteristics 

Surface integrity 



 

8 
 

 Cracks (macroscopic & microscopic) 

 Residual stress 

 Processing inclusions introduced  

 Fatigue strength changes  

Metallurgical: 

 Transformation of phases  

 Grain size and shape  

 Precipitate size and distribution  

 Foreign inclusions in material 

 Twinning  

 Recrystallization  

Chemical: 

 Intergranular attack ( IGA)  

 Intergranular corrosion (IGC)  

 Intergranular oxidation (IGO)  

 Contamination  

 Embrittlement  

 Pits or selective etch 

 Corrosion  

 Stress corrosion  

Thermal: 

 Heat affected zone (HAZ)  

 Recast or re-deposited material  

 Re-solidified material  

Electrical: 

 Conductivity change  

 Magnetic change 

This research is mainly focused on plastic deformation, hardness alterations and 

grain distribution. 

2.1.4 IMPORTANCE OF SUBSURFACE DEFORMATION 

It is well know that machining processes induce plastic deformation under 

the surface of machined components as the result of cutting forces and increased 

temperature induced during machining. The severe plastic deformation together 

with high temperature creates alteration of microstructure and residual stress in 

the subsurface of machined component [16]. Depending upon their nature, the 

characteristics of subsurface can have significant effects on component life by 
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influencing fatigue, creep, and stress corrosion cracking resistance. Sometimes, 

improper selection of machining parameters would induce unexpected subsurface 

properties which would lead to the large initial wear of machined surface [14]. 

Thus there is considerable industrial significance to understand the nature of 

plastic deformation under the machined surface and the influence of machining 

conditions that give rise to the material properties. The region of the deformation 

is affected by work material, cutting parameters and tool geometry. Surface and 

subsurface deformation is also associated to deformation of individual grains 

during the cutting process [13]. 

2.1.5 MICRO HARDNESS 

Micro hardness testing is widely used to study fine scale changes in 

hardness, either intentional or accidental. Heat treaters have utilized the technique 

for many years to evaluate the success of surface hardening treatments or to detect 

and assess decarburization. Metallographers and failure analysts use the method 

for a host of purposes including evaluation of homogeneity, characterization of 

weldments, as an aid to phase identification, or simply to determine the hardness 

of specimens too small for traditional bulk indentation tests. In this research, 

micro hardness testing is performed to study fine scale changes in hardness 

because of strain hardening which may be induced by cutting forces during the 

machining. In general, the workpiece hardness will increase in the machined 

surface as the result of the strain hardening [7]. The primary hardening 

mechanism in machining is the rapid heating and cooling cycle with the 

mechanical deformation being secondary. Further the study suggests that the heat 

flux into the workpiece, contact time, and quenching rate are the key factors, with 

increasing temperature, time, and quench rate leading to a higher hardness being 

generated [13]. 

Plastic deformation of subsurface can generate significant alteration in the 

mechanical properties of the material in this region as the result of elongation of 

the grains or strain hardening, and metallurgical (phase) changes.[12] The strain 

hardening may be induced by cutting forces during the machining, while the 

metallurgical change in subsurface layer often appears when high cutting 

temperature is produced in the case of large tool wear, extremely high cutting 

speed or work material with poor thermal conductivity. The degree of 

metallurgical change in the subsurface region may not match the degree of plastic 

deformation generated in the same region [14]. The mechanical properties of 

machined subsurface layer are often evaluated by degree of hardness variations in 

the region. Typically, metallurgical change will change the distribution of the 
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hardness and residual stresses, which will significantly influence the quality of the 

machined component. [13] 

2.1.6 ETCHING 

The purpose of etching is to optically enhance microstructural features 

such as grain size and phase features. Etching selectively alters these 

microstructural features based on composition, stress, or crystal structure. The 

most common technique for etching is selective chemical etching and numerous 

formulations have been used over the years. Other techniques such as molten salt, 

electrolytic, thermal and plasma etching have also found specialized applications 

[4].  

It generally consists of a mixture of acids or bases with oxidizing or 

reducing agents. There are numerous etchants for copper and its alloys that are 

relatively easy to apply. Most of the cast alloys are not difficult to etch. It can be 

more difficult to find the right etching solution for some of the wrought alloys, 

especially when they are severely cold worked [20]. 

Application Etchant 

All types of copper 100-120 ml water or ethanol, 

20-50 ml hydrochloric acid,  

5-10 g iron (III) chloride (concentration 

variable) 

Grain area etch for copper, 

brass and bronzes 

100 ml water,  

10 g ammonium peroxydisulfate, Use 

fresh  

Grain boundaries, Grain 

areas 

25 ml distilled water,  

25 ml ammonia water,  

5-25 ml hydrogen peroxide, 

 3% Less hydrogen peroxide,  

More hydrogen peroxide 

α-β brass 120 ml Water,  

10 g copper (II) ammonium chloride, Add 

ammonia water until precipitate dissolves 

Fast and good polish for 

pure copper 

100 ml water,  

100 ml ethanol,  

19 g iron (III) nitrate 

Fast and good polish for 

pure copper 

100 ml cold saturated sodium thiosulfate, 

40 g potassium metabisulfit 

Table 2: Etchants for different applications [20] 
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2.1.7 GRAIN ANALYSIS 

Generally, the sub-grain boundaries and the associated gradients provide 

evidence of increasing Intergranular misorientation and plastic activity. A high 

density of sub grain boundaries is found in the region beneath the surface as a 

result of large deformation in this region of material after the machining 

operation. This machining affected region consist of a heavy deformation layer 

with misorientation angles homogenously spread over the grains and a partially 

deformed layer where misorientation angles distributed mostly around grain 

boundaries [14]. Grains in the deformation zone is elongated tend to bend towards 

the cutting direction as observed in SEM images after etching. 

 

Figure 3: Grain orientation observed in SEM image after etching 

Mountain map software was used in the analysis and quantification of the 

subsurface deformation layer. With this technique the quantitative information 

about the grain distributions associated with subsurface deformation can be 

obtained. The aim of using this technique is to investigate the deformation zones 

and quantify the depth of the subsurface deformation.  

2.2 WORK PIECE PREPARATION INSTRUMENTS 

 The investigations are conducted on the samples which are cut using the 

wire EDM and are polished. The cylindrical workpiece is sectioned, into two 

halves, perpendicular to the initial cutting direction. 
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2.2.1 EDM – ELECTRIC DISCHARGE MACHINING
1 

 This is one of the non- conventional machining processes. EDM is the 

thermal erosion process in which metal is removed by a series of recurring 

electrical discharges between a cutting tool acting as an electrode and a 

conductive workpiece, in the presence of a dielectric fluid [5]. 

 

Figure 4: Wire EDM 

2.2.2 POLISHING MACHINE
2 

 Polishing is done primarily to prepare the samples up to the point; the true 

microstructure of the specimen should be intact. This includes retention of the 

inclusions, brittle phases/structures, sharp edges with no rounding, distinct 

porosity edges (no rounding), no smeared metal and no embedded abrasive 

particles. If the true microstructure has not been resolved by this point in the 

preparation process, it is highly probable that the resulting surface after final 

polishing will still contain microstructural artifacts. Final polishing is most 

commonly accomplished with flocked or napped polishing pads using abrasive 

slurry [4].  

 

Figure 5: Polishing machine 

1
CNC Wire EDM HA400 

2
Mecapol P255-S: Polishing machine 
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Although metallographic polishing artifacts can occur at any point within 

the polishing operation, they are commonly observed after final polishing. Table 3 

explains the symptoms of the problem and cause of the problem and remedy 

action for the problem. 

Symptoms Cause  Action 

Scratches 

-Abrasive contamination 

carry over 

-Embedded abrasives 

- Friable inclusion or 

particles breaking loose  

-clean mount and specimen with an 

ultrasonic cleaner between preparation steps 

-choose less friable abrasives (e.g. alumina) 

-Adjust polishing machine parameters so 

that the base and head speed are equal and 

in the same direction (e.g. 100/100 rpm) 

Smearing 

-Soft materials with low 

Recrystallization temperature 

do not work harden and can 

easily smear and cover up 

microstructural features  

-Use a softer higher napped polishing cloth 

-Adjust polishing machine parameters so 

that the base and head (e.g. 100/100 rpm)  

-Consider alternative polishing, electrolytic 

polishing or vibratory polishing 

Polishing 

relief 

-Materials of different 

hardness polish at different 

rates   

-Too high a relative 

polishing velocity  

-Use harder or lower napped polishing pads  

-Plain backed lapping films also improve 

flatness  

-Incorporate CMP polishing with 

mechanical polishing  

-Adjust polishing machine parameters so 

that the base and head speed are equal and 

in the direction (e.g. 100 

Edge 

rounding 

-The edge of the specimen is 

polished faster than the body 

of the specimen   

-Use harder or low napped polishing 

surface such as woven polishing pads or 

lapping films  

-use a harder mounting resin 

Gaps 
-Mounting does not adhere 

to the specimen  

-Clean surface prior to mounting  

-Use glass filled mounting compound to 

reduce resin shrinkage 

-Cure castable mounting resin at lower 

temperatures 

Porosity 

-True porosity after correct 

polishing will have sharp 

edges. Rounded edges 

produce false porosity data 

-Use harder or lower-napped polishing pads  

-Use CMP polishing with standard abrasive  

-Minimize final polishing time 

Cracks 
-Improper sectioning mount 

or rough grinding 

-Minimize damage at cutting and rough 

grinding by using the smallest possible 

abrasive size  

-Reduce mounting pressure, or use castable 

mounting techniques 

Staining 

-Gaps between the mount 

and specimen   unfilled 

cracks or porosity in 

specimen  

-Use a lower shrinkage mounting 

compound  

-Use vacuum impregnation and castable 

mounting 

Table 3: Final polishing troubleshooting [4] 
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2.3 SUBSURFACE IDENTIFICATION INSTRUMENTS 

For qualitative and quantitative study of the surface layer characteristics, 

investigations are carried on images from Scanning Electron Microscope (SEM) 

and hardness measurements form Vickers micro hardness tests. 

2.3.1 SCANNING ELECTRON MICROSCOPE
3 

Metallography is the study of metals by optical and electron microscopes. 

Structures which are coarse enough to be discernible by the naked eye or under 

low magnifications are termed macrostructures [1]. Useful information can often 

be gained by examination with the naked eye of the surface of metal objects or 

polished and etched sections. The Scanning electron microscope scans a focused 

beam of electrons on the surface to generate high resolution surface images. These 

images are considered in the study to analyse and visually examine the magnified 

image at a resolution inconspicuous to the naked eye [22]. 

Those which require high magnification to be visible are termed 

microstructures. Microscopes are required for the examination of the 

microstructure of the metals. Optical microscopes are used for resolutions down to 

roughly the wavelength of light (about half a micron) and electron microscope are 

used for detail below this level, down to atomic resolution. In principle, optical 

microscopes may be used to look through specimens (‘in transmission’) as well as 

at them (‘in reflection’). Many materials, however, do not transmit light and so we 

are restricted to looking at the surface of the specimens with an optical 

microscope [18].  

 

Figure 6: Scanning Electron Microscope 

3
Joel JSM Scanning Electron Microscope 
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In addition to topographical, morphological and compositional information, a 

Scanning Electron Microscope can detect and analyse surface fractures, provide 

information in microstructures, examine surface contaminations, reveal spatial 

variations in chemical compositions, provide qualitative chemical analyses and 

identify crystalline structures [18].  

2.3.1.1 BACKSCATTERED ELECTRON (BSE) 

Backscattered electrons, with their high energies, travel in straight lines 

and are more likely to be scattered at high angles. Therefore, the detector for 

backscattered electrons is placed directly above the sample. The resulting images 

contain less topographical information. However, higher the average atomic 

number of the area being analysed, the greater the probability is that a 

backscattered electron will be generated. As a result, BSE images display atomic 

number contrast with brighter regions being generated from areas of higher 

average atomic number. Backscattered electrons are less affected by electric 

charge and are more suitable for imaging samples with oxide layers or other thin 

insulating layers on their surfaces, which would interfere with SE images [3].  

2.3.2.1 VICKER’S MICRO HARDNESS TEST
4 

The changes in micro hardness of the subsurface were measured normal to 

the machined surface using a Vickers micro hardness tester. The Vickers hardness 

test method consists of indenting the test material with a diamond indenter, in the 

form of a pyramid with a square base and an angle of 136 degrees between 

opposite faces subjected to a test force of between 1gf and 100kgf.  

The load is applied smoothly, forcing the indenter into the test piece. The 

indenter is held in place for 12 seconds. The physical quality of the indenter and 

the accuracy of the applied load, as defined in ASME E 384, must be controlled in 

order to get accurate results. After the load is removed, the two diagonals of the 

indents are measured, usually to the nearest 0.1 µm with a filer micro meter, and 

averaged [8]. The Vickers hardness (HV) is calculated using: 

HV =1854.4L/d
2 

…... [6] 

Where, ‘L’ is applied load and ‘d’ is the mean of the diagonal indents. Here the 

load ‘L’ is in gf and the average diagonal ‘d’ is in µm (this produces hardness 

number units of gf/µm although the equivalent units kgf/mm
2
 are preferred. 

4
Shimadzu HMV-2000 micro Vickers hardness tester 
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Figure 7: Vickers micro hardness tester 

2.4 PRESENT SCENARIO: 

The scattering of lead particles on the parent material makes it prone to the 

environment in contact, be it either through air or water. The lead gets into the 

consuming water through the plumbing systems and introducing the lead 

unfastened components could absolutely reduce the contamination of drinking 

water. Stricter law regarding the lead ranges in products has been applied. The 

authorized degrees of lead in household products are determined to be around 3%. 

These guidelines have compelled the industry to supply environment friendly 

products. 

 

Figure 8: Products containing lead- a radiator valve of leaded brass from MMA (left), leaded bronze bushing 

for a con-crusher with a weight of 100 kg from SANDVIK SRP (middle) and a lead-free copper lid for 

nuclear waste capsule with a weight of 300 k 

This project is in collaboration with AB Markaryds Metallarmatur (MMA) 

which partly finances the project and serves as the major partner. MMA products 

include heating system components like the radiator valve shown in figure 13. 
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Even though these components of MMA are not affected by the regulations, they 

have taken the initiative to set an example by producing lead free components and 

this altogether leads to societal benefits. 

The uses of diamond tools provide significantly higher surface quality but 

in practice, the carbide inserts are used for machining of brass in MMA. 

Therefore, the research is limited to uncoated carbide inserts. Future research in 

this project includes the influence of coated carbide inserts on the surface quality. 

2.5 PREVAILING STUDY AND RESEARCH 

The surface study on lead free brass is an extension of the research project 

which focuses on eliminating lead usage in copper and copper alloys cited in 

article by Prof. J.-E. Ståhl [11]. The machinability of the leaded and unleaded 

brass samples is determined at Lund University and the corrosive behaviour of the 

materials are investigated at Chalmers University 

MACHINABILITY TESTING 

Lund University carried out the total investigations to compare and 

evaluate the machinability of four different types of brass alloys [19]. One of the 

Lead free alternatives, CW724R, was tested and their material property was 

compared to the other alloys. The new alternative material CW724R has a 

considerably higher strength than the other alloys which shows in the results. 

However, the material properties for CW724R are poor, compared to the others, 

when machining and thus leads to increased costs during manufacturing. The 

author mentioned that an increased knowledge about this alloy and the cutting 

process could potentially lead to decreased costs. 

Testing for machinability of lead and eco brass was carried out in Lund 

University [8]. The machinability testing included longitudinal turning of a lead-

free brass alloy performed at different cutting data, CuZn21Si3P, as compared to a 

conventionally used, lead-alloyed alternative, CuZn39Pb3. Materials were supplied 

as bars having an initial diameter of approximately 50 mm. The inserts used were 

uncoated H10F cemented carbide DNGA150708F inserts with an edge radius of 

approximately 10±5μm. The attained results show that CuZn21Si3P has a 

considerably higher strength than the lead-alloyed material resulting in 

significantly higher cutting forces. This increase in cutting forces was found to 

result in more rapid deterioration of the cutting tool, thus raising concerns for 

higher manufacturing cost [22]. 
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3. METHOD 

3.1 RESEARCH METHODOLOGY 

This research involves the quantitative and qualitative study and 

comparisons between the study samples. The research was mainly conducted in a 

laboratory environment and a series of procedures are followed during 

investigation of the samples. Flowchart (Figure 9) explains the steps involved in 

the method for this project.  

The methodology for study 1 includes comparing the Lead and Lead free brass 

sample machined @feed rate 0.2mm/rev, cutting speed 400m/min and 0.8mm 

depth of cut. The methodology for study 2 includes comparing the lead free brass 

samples machined @ feed rate 0.06, 0.1, 0.15 and 0.2mm/rev respectively,  

cutting speed 200m/min and 1.5mm depth of cut.  

 

Figure 9: Flowchart of the methodology 

Research methodology includes: 

i. Calculating the Vickers hardness number (HV) by formulating the values 

obtained from micro hardness test. 

ii. Grain analysis on the SEM images of etched brass samples. 

iii. The conclusions are drawn based on the microhardness values and grain 

analysis. 
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Graphs are plotted with microhardness values and grain distributions as function 

of depth from the surface edge. Using the slopes, the deformations are identified 

and the comparisons between the lead and the lead free brass are made. The 

measured values and results of micro hardness and grain analysis are summarized 

in section 4.  

3.1.1 The research methodology: 

I. Identification of AMZ in leaded brass and lead free brass by using state of 

art equipment available at Halmstad University.  

1. Cut the samples: The cylindrical workpiece is cut perpendicular to the 

machined surface by Wire EDM (Electric Discharge Machining).  

2. A series of polishing operations are conducted by Polishing machine. Few 

different stages involved in polishing with different polishing pads and 

abrasives.  

Step 1: High coarse grinding plate with running water. 

Step 2: Low coarse grinding plate with running water. 

Step 3: Cloth polishing pad with 6µm diamond abrasive and few drops of 

ethanol. 

Step 4: Cloth polishing pad with 1µm diamond abrasive and few drops of 

ethanol. 

3. Altered material zones (AMZ) are identified by using scanning electron 

microscope (SEM) at 500x magnification. SEM have different imaging 

modes and in this research secondary electron images and back scattered 

electron images (BSE) are used.  

II. For grain analysis the polished samples are to be etched. 

Specification of etching: 

 100-120 ml- Distilled Water or Ethanol  

 20-50 ml – Hydrochloric acid 

 5-10 g – Ferric Chloride 

From trial and error method, based on the SEM images the etching time is 

20 seconds. 

III. Hardness alterations are investigated by using Vicker’s microhardness 

indenter available in Chalmers University of Technology. 

Figure 10 shows the diamond indentation of the diagonals d1 and d2. The 

angle between the opposite faces of the indenter is 136
0
. The optical 

microscope is used to measure the diagonals of the Vickers imprint and 

calculating the Vickers Hardness (by the conventional method) in order to 

confirm the results. 
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Figure 10: Microhardness diamond shaped indent [24] 

IV. Surface imaging and analysis using Mountains Map Software
5
 

1. After etching, AMZ's are identified on SEM images of lead- and lead free 

brass samples. 

2. Grain analysis is carried on the Backscattered SEM images to quantify the 

deformation which involves a string of operators shown in figure 11. 

 

Figure 11: Sequence of operators in grain analysis (Mountains Map) 

 
5
Digital Surf: Mountains Map

7
, www.digitalsurf.com/ 



 

21 
 

Sequence of operators: 

1. The SEM images are scaled to the original size by using the operator 

'Scale the image'. Figure 12 and figure 13 shows the image before and 

after scaling.  

       

    Figure 12: Original SEM image   Figure 13: Image after scaling 

2. Since the deformation is found to be within 150 µm from the edge, the 

area of interest is extracted from the scaled image. Figure 14 shows the 

extracted area of the image. 

3. In next step binary segmentation is applied for the extracted area. Figure 

15 shows the binary segmentation of the image. In the function binary 

segmentation, grain shapes are detected and are segmented. 

  

            Figure 14: Extracted area              Figure 15: Binary segmentation 

4. After binary segmentation applying the threshold -100 nm to separate the 

grains. It is recommended to delete the area outside the sample surface (to 

avoid considering it as grains). The grains are divided by setting a 

threshold on the grain diameter (100 nm) to generate an image accessible 

for grain analysis. 
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Figure 16: Grains after splitting 

5. In the next step, the image is morphologically corrected, i.e. the cut grains 

at the edges of the image are deleted. By this the analysis is done only on 

those grains which are completely inside the image.  

6. The images are divided into 3 segments of 50 microns each. Figure 17 

shows extracted area 0-50 µm from edge. Figure 18 shows extracted area 

50-100 µm from edge.  Figure 19 shows extracted area 100-150 µm from 

edge. 

With Morphological Correction 

 

Figure 17: Extracted area 0-50 µm from edge 
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Total area occupied by the grains 7791 µm² (61.4%)

Density of grains 0.126 Grains/µm²
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Figure 18: Extracted area 50-100 µm from edge 

 

Figure 19: Extracted area 100-150 µm from edge 

The sequence of operations illustrated is same for both study 1 and study 2. The 

three segmented images are compared and graphs are plotted with number of 

grains as function of depth to identify the distributions of grains. 

*The grain analysis using traditional techniques are difficult to analyse 

but Mountains Map software helps to segregate and delete the incomplete grains. 

The software definitely helps to evaluate the number of grains but has certain 

limitation like setting a threshold to divide the large grains. To consider the grain 

size for comparison, the method requires a strategic division of SEM image to 

improve the results of grain analysis and avoid the elimination of grains at the 

sections 50 & 100 microns respectively from the surface edge. 
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3.2 DATA COLLECTION 

The data is collected for the various research articles published regarding 

leaded and lead free brass, a research partner of this project and previous sections 

of the project. The experimental setup is mentioned in the results (section 4). The 

state of the art equipment availed in this research is trail run before the actual 

measurement and the values measured from equipment are carefully examined. 

The couple of measurements are taken for each sampling for the hardness 

alterations and grain analysis measurements are taken at 500X magnification on 

Backscattered Electron (BSE) imaging mode. These BSE images are input to the 

mountains map software for grain analysis. The results obtained are extracted into 

Microsoft Excel for further statistical investigation. The reference for each step is 

important to justify and extract reliable results. The manufacturing process data 

and material type is the reference for the study and measurement of the surface 

imaging and analysis. The subsurface zone of the machined samples is the 

reference for the characterization of the study samples. All data collected are 

carefully formulated and stored for future reference. 
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4. RESULTS AND DISCUSSION 

This section of the report summarises the results of the microhardness 

measurements and grain analysis of the lead and lead free brass. Vickers micro 

hardness tests and Scanning Electron Microscope are used to obtain the hardness 

number (HV) and subsurface images respectively; mountains map software is 

used for grain analysis. It was necessary to follow the established method to 

develop significant and accurate results. The obtained results explain the 

subsurface characteristics of the samples.  

4.1 STUDY 1: EXPERIMENTAL RESULTS 

Machining data: 

General turning operation was carried out on the samples of leaded brass 

CW614N and eco brass CW724R with initial diameter of 50mm and the uncoated 

H10F cemented carbide DNGA150708F inserts with an edge radius of 

approximately 10±5 µm was used as the cutting tool. The cutting data remained 

constant throughout the operation with cutting speed of 400m/min, depth of cut 

being 0.8mm and feed rate of 0.2mm/rev. The hardness measurements and grain 

analysis were taken into consideration from both the samples and are evaluated. 

4.1.1 MICROHARDNESS TEST 

In general, the workpiece hardness increases in the machined surface as 

the result of strain hardening. The changes in microhardness of the subsurface are 

measured normal to the machined surface using Vickers microhardness test. 

Microhardness measurements are taken on polished surface samples of both 

leaded and lead free brass with the machining data affecting the mechanical 

property of the subsurface layer.  

On each sample, 14 to 16 individual measurements are taken, first indent 

being 20µm from edge and incremental step of 10µm in X-direction and 2.5D ≈ 

70µm (according to the ASTM E384 standard) in Y- direction correspondingly. A 

load of 50g was applied for 12 seconds.  
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Figure 20: Microhardness indents (Vickers’s diamond indenter) 

Figure 20 shows the indentations from Vickers microhardness test. Table 4 shows 

microhardness measurements which include length of the diagonals of the indent 

on the lead and lead free brass samples.   

Distance 

from 

edge 

(µm) 

Lead brass Lead free brass 

d1 d2 HV d1 d2 HV 

20 20.44 20.9 217.04 18.16 18.26 279.61 

30 21.91 22.15 191.05 19.87 19.76 236.15 

40 23.59 23.29 168.76 20.94 21.59 205.08 

50 24.27 24.85 153.73 21.16 20.51 213.64 

60 23.55 24.19 162.75 22.67 22.66 180.49 

70 26.02 26.35 135.23 20.73 20.08 222.74 

80 26.49 27.09 129.2 21.17 21.62 202.58 

90 27.13 26.45 129.21 22.02 21.48 196.02 

100 26.42 26.17 134.1 20.31 20.1 227.12 

110 27.8 27.31 122.12 20.94 21.07 210.15 

120 27.16 27.08 126.06 21.59 21.7 197.9 

130 26.39 26.19 134.15 21.27 21.17 205.91 

140 27.28 27.2 124.95 22.13 22.66 184.89 

150 26.68 26.03 133.5 22.18 22.14 188.81 

160 28.55 28.3 114.75 22.66 22.88 178.83 

170 27.55 28.36 118.67 23.31 23.53 169.04 

Table 4: Microhardness test results – Study 1 
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4.1.1.1 Observations based on Hardness Number 

Distance from 

edge (µm) 

Lead free 

brass 
Lead brass 

20 279.61 217.04 

30 236.15 191.05 

40 205.09 168.76 

50 213.64 153.74 

60 180.49 162.76 

70 222.75 135.23 

80 202.58 129.21 

90 196.03 129.21 

100 227.13 134.1 

110 210.15 122.13 

120 197.91 126.07 

130 205.91 134.15 

140 184.9 124.96 

Table 5: Comparison of microhardness test results – Study 1 

 

Figure 21: Comparison of microhardness test results of Study 1 

Figure 21 summarises the microhardness profiles for samples of study 1. 

The measured microhardness values vary as a function of depth below the 

machined surface. The hardness values of both the study samples decrease from 

the edge to the bulk material zone. Higher hardness values are found in lead free 

brass compared to lead brass which is attributed to the cutting resistance at the 

tool-work interface. Whereas, the hardness values reach the bulk material values 

at approx. 40 microns from the edge in lead free brass and in lead brass it extends 
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to approx. 70 microns. This implies higher depth of deformation zone in lead 

brass compared to lead free brass. 

4.1.2. GRAIN ANALYSIS 

Grain analysis is carried on the SEM image taken at 500X magnification 

in BSE imaging mode. A couple of trails are conducted for each sample of lead 

and lead free brass. Table 6 shows resulting values of grain analysis with 

morphological correction. The backscattered SEM image analysis using 

Mountains Map is attached in appendix II. Graphs are plotted with the number of 

grains as a function of depth from the machined surface of the study samples. 

  

Figure 22: Lead brass with morphologiacally               Figure 23: Lead free brass with morphologically 

corrected       corrected 

With morphological correction 

Distance 

from 

edge 

No of grains 

Density of 

grains 

(Grains/µm²) 

Area occupied 

by grains (µm²) 

Lead 
Lead 

free 
Lead 

Lead 

free 
Lead 

Lead 

free 

0-50 1158 1419 0.091 0.112 6659.08 7555.51 

50-100 1036 1222 0.082 0.096 8327.02 5974.59 

100-150 959 1029 0.076 0.081 7472.51 6688.57 

Table 6: Grain analysis results – Study 1 
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Figure 24: Comparison of grain analysis of Study 1 (With Morphological Correction)  

Figure 24 summarises images subjected to morphological correction of lead and 

lead free brass which involves removal of incomplete grains at edges of the 

image. From the graphs, it is evident that the number of grains is higher near the 

edge compared to the bulk material region in both lead and lead free brass. 

Further, the results indicate higher number of grains near the surface edge of lead 

free brass compared to lead brass.  

4.2 STUDY 2: EXPERIMENTAL RESULTS 

Machining data: 

In the second part of the study, general turning operation was carried out 

on the sample of Eco brass CW724R using the uncoated cemented carbide inserts. 

The depth of cut and the cutting speed was maintained constant at 1.5mm and 

200m/min respectively. The unleaded brass samples were machined at feed rate 

0.06mm/rev, 0.1mm/rev, 0.15mm/rev and 0.2mm/rev respectively. The two 

different surface readings were taken into consideration from both the samples 

and were evaluated to obtain the results. 

4.2.1 MICROHARDNESS TEST 

In the study 2, microhardness measurements are analysed with respect to 

the feed rate. On each sample, 15 individual measurements are taken; first indent 

is at 20µm from edge and incremental step of 10µm in X-direction and 2.5D ≈ 

60µm (according to the ASTM E384 standard) in Y- direction correspondingly. A 

load of 50g was applied for 12 seconds. 
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4.2.1.1 Observations Based on Hardness Number 

Table 7 shows the Vickers hardness number (HV) of study 2 samples and 

the diagonal measurements of study 2 samples are attached in appendix I. 

Distance form 

edge (µm) 

Feed rate (mm/rev) 

0.20 0.15 0.10 0.06 

20 271.7 304.2 215.5 238.6 

30 237.5 317.5 270.1 237.8 

40 216.9 256.3 240.2 217.7 

50 228.6 243.6 255.7 201.7 

60 220.4 258.9 245.6 221.2 

70 225.1 253.6 251.0 222.5 

80 222.4 230.9 233.0 228.0 

90 242.8 205.9 229.4 192.0 

100 226.2 208.1 230.0 198.9 

110 227.5 199.9 213.7 217.7 

120 196.1 206.0 199.4 200.6 

130 190.3 208.2 233.8 208.9 

140 197.8 226.2 226.3 168.3 

150 208.1 225.0 220.2 196.9 

160 205.1 210.4 222.8 181.1 

Table 7: Comparison of microhardness test results -Study 2 

 

Figure 25: Comparison of microhardness test results of Study 2 
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Figure 25 summarises the microhardness profiles of the lead free brass 

with different feed rate. The hardness values of all the samples under study 

decrease with respect to depth from machined surface. This is attributed to the 

strain hardening induced by the machining conditions. The difference between the 

samples are minimal and analysing the gradient from the graph, higher hardness 

values are found just below the machined surface on the samples machined at 

0.15mm/rev feed rate but hardness values of the sample machined at 0.06 mm/rev 

reach the values of bulk material hardness at approx. 90 microns from the edge 

which is higher compared to the other samples from study 2. Hence, the depth of 

strain hardening is slightly higher in sample machined at feed rate 0.06mm/rev 

compared to the other samples.  

4.2.2 GRAIN ANALYSIS: 

Grain analysis is done using the SEM image at 500X magnification in 

BSE imaging mode. A couple of trails are conducted for each sample of lead free 

brass with different feed rates. Table 8 shows resulting values of grain analysis 

with morphological correction. The backscattered SEM image analysis using 

Mountains Map is attached in appendix II. Graphs are plotted with the number of 

grains as a function of depth from the machined surface of the study samples. 

Distance from edge 
With morphological correction 

0-50 50-100 100-150 

No of grains 

0.06 mm/rev 904 761 779 

0.10 mm/rev 1284 1126 1137 

0.15 mm/rev 1993 1604 1577 

0.20 mm/rev 1662 1332 1158 

Density of 

grains 

(Grains/µm²) 

0.06 mm/rev 0.071 0.060 0.061 

0.10 mm/rev 0.101 0.088 0.090 

0.15 mm/rev 0.157 0.126 0.124 

0.20 mm/rev 0.131 0.105 0.091 

Total area 

occupied by 

grains (µm²) 

0.06 mm/rev 7827.8 6526.1 5513.6 

0.10 mm/rev 8679.1 7715.5 7408.0 

0.15 mm/rev 7814.8 7231.1 7341.0 

0.20 mm/rev 7944.6 7367.1 6986.7 

Table 8: Grain analysis results of Study 2  
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Figure 26: Comparison of grain analysis of study 2(With Morphological Correction)  

Figure 26 summarises images subjected to morphological correction of 

lead free brass machined at different feed rates. The morphological correction 

involves removal of incomplete grains at edges of the image. From the graphs, it 

is evident that the number of grains is higher near the edge compared to the bulk 

material region in all the samples. This is primarily due to the plastic deformations 

induced by the cutting conditions. The results indicate lower number of grains 

near the surface edge of lead free brass sample machined at 0.06 mm/rev 

compared to other samples. The samples machined at 0.15 feed rate have higher 

number of grains in the region just below the machined surface. 
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4.3 DISCUSSION 

In presented work, an attempt has been made to characterize the 

subsurface deformation of lead- and lead free brass induced by machining 

conditions. Polished samples were observed under a high resolution SEM to 

analyze the subsurface features. The microhardness measurements were carried on 

the polished samples to identify the strain hardening. The Mountains Map 

Software is used for the grain analysis to quantify the deformation zone in the 

subsurface region. In the grain analysis, variation in the number of grains along 

the depth from the edge is considered.  

In general, the hardness values are higher at the edge with a gradual return 

to bulk hardness with increasing depth below the surface. There is steep hardness 

gradient which exists in the heavy deformation layer due to the fact that the region 

confined to the surface is subjected to maximum work hardening. These variations 

are attributed to the temperature gradient at the tool-work interface and results in 

reduction of grain size at the near surface region. Therefore, the region at the edge 

consists of higher number of grains compared to the region in the bulk material.  

Microhardness measurements and the results of grain analysis indicate that 

both the composition of brass and the feed rate influence the plastic deformation 

in the subsurface region. The variation in the depth of deformation zone is used to 

compare the study samples and the number of grains is considered to analyze the 

subsurface characteristics. The depth of deformation zone is the depth at which 

the hardness values reach the bulk material hardness. In the grain analysis, higher 

the number of grains at a particular section implies smaller the grain size. Based 

on the Hall-Petch strengthening mechanism, larger the grain size, higher will be 

the dislocation density [23]. Plastic deformations are caused due to the motion of 

large number of dislocations.  

Based on the study results: 

Study 1: It is observed that a significant difference occurs between the two 

sample materials (lead and lead free brass). The study helped to identify the 

difference in functionality in the subsurface region of the two materials. From the 

microhardness measurements, lead brass has higher depth of deformation zone 

compared to the lead free brass. The size of the grains in the subsurface region 

below the machined surface is smaller in lead free brass compared to lead brass. 

Therefore, the results imply presence of higher dislocation densities at the 

machined region of the lead brass. This might cause higher plastic deformations 

in the lead brass compared to lead free brass. 



 

34 
 

Study 2: It is evident that varying the feed rates alters the surface layer 

characteristics of the brass samples. Comparing the samples machined at different 

feed rates, the brass sample machined at 0.06mm/rev has higher depth of 

deformation zone. The size of the grains in the subsurface region below the 

machined surface is larger in lead free brass machined at 0.06mm/rev. As stated 

earlier, this might cause higher plastic deformations below the machined region 

on further machining/application in samples machined at 0.06mm/rev and lower 

in samples machined at feed rates 0.15 and 0.2mm/rev respectively. The result 

exemplifies the influence of feed rates on the grain size and interpretations of 

plastic deformations in the subsurface region. 

The results suggest higher influence of machining parameters on the lead 

brass compared to lead free brass. Plastic deformations at the interface leads to 

deformation induced wear and affect the quality of the component’s surface. This 

affects the functionality and efficiency of the component. The lead free material 

may exhibit better corrosion properties as well due to better strength in the 

machined region. But further studies are required to predict the wear and 

corrosion behaviour of the study samples. 
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5. CONCLUSION & FUTURE RESEARCH 

5.1 RESEARCH CONCLUSION 

It is quite complex to perform the metallographic studies and analyse the 

subsurface features. The quality of the subsurface plays a crucial role in the 

reliability of product. During the machining, subsurface of the component often 

undergoes severe deformation and possible microstructure changes in a small 

region of subsurface layer. Studying the subsurface and altered material zones 

(AMZ’s) by both mechanical and metallurgical characteristics – hardness 

alterations and grain distributions are exemplified with both qualitative and 

quantitative analysis. The sample materials under investigation are machined at a 

particular cutting data and the results of this paper implies to this process 

parameters. 

The study demonstrated the significant approach to study the subsurface 

deformation in the study samples. The characteristics of subsurface are explained 

with necessary figures and values in the section 4. The results obtained from 

study 1 include study of hardness alterations and grain analysis of lead and lead 

free brass. The depth of deformation zone in lead brass is higher compared to the 

lead free brass. The results also include the interpretations of plastic deformation 

induced in the subsurface region. 

In study 2, hardness alterations and grain distributions are evaluated and 

compared between the lead free brass samples machined at different feed rates. 

The results suggest higher depth of deformation zone in the samples machined at 

0.06 mm/rev compared to other samples. The study suggests that the subsurface 

deformation is not only varied by composition of the material but also affected by 

the machining conditions. This investigation has demonstrated that microstructure 

variations that occur as a result of a material’s processing history have a profound 

impact on its performance during machining. Further investigations can be 

conducted on different machining conditions with coated and uncoated tool for 

achieving optimum machining conditions. 
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5.2 FUTURE RESEARCH 

 The mechanical and material processes which take place during machining 

and more specifically during the machining of lead- and lead free brass are 

understandably complicated with many interesting subject facets available for 

research. The study has helped in understanding the surface integrity of the 

materials under consideration. The variation of the cutting data will provide a 

broader perspective towards understanding difference between the materials. The 

following will detail some of the important avenues of research that have spawned 

as potential topics of further work. 

As a result of the reported sensitivities of subsurface microstructure 

damage with increase in cutting speed, a natural progression for subsequent 

investigations would include further analysis on the amount of induced subsurface 

damage as a function of other machining parameters, such as; tool type (coated 

and uncoated) and tool geometry for the both leaded and lead free brass. Also 

parametric studies could be performed, investigating the role of the workpiece in 

controlling the amount of imparted subsurface deformation either as a function of 

alloying chemistry, grain morphology or crystallographic orientation. 

Recently, Electron Backscattered Diffraction (EBSD) is extensively used 

for identification and characterisation of the imparted deformation features below 

the machined surface and grain analysis using EBSD can be used to compare with 

the study results to analyse the research certainty. Further, wear and corrosion 

analysis results are compared with the present research results to analyse the 

effect of machining conditions on the tribological properties of the study samples.  
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6. CRITICAL REVIEW 

 The primary motive of this project is sustainable manufacturing of lead 

free brass components. The sustainable manufacturing as presented by Jovane et 

al is a merger of three domains, viz; social, economic and environmental aspects. 

By replacing the lead content in brass with silicon, the project delivers profusely 

on social and environmental aspects. Regarding the economical aspect, research 

on achieving optimum machining conditions is considered.  

 

Figure 27: Sustainable manufacturing 

The critical review of the work helps in understanding various perspectives and 

guides the extended research to proceed cautiously.   

Social:  The research conducted focuses on social aspects considering the harmful 

effects of lead content in plumbing systems. 

Economical: Manufacturing of the lead free brass components economically 

depends on the outcome of the project. But application-wise, based on the study 

results, lead free brass may exhibit better wear and corrosion properties which 

increase the component life. 

Environmental: Lead alloyed materials poses recycling problems of the materials 

in conjunction and replacing the lead content in components could, to a certain 

extent, reduce this environmental threat. 
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APPENDIX I 

Study 2 - Microhardness test results 

0.06 mm/rev – Feed rate 

S. No d1 d2 X HV 

1 19.45 19.98 20 238.59 

2 19.9 19.59 30 237.84 

3 20.74 20.54 40 217.65 

4 21.5 21.38 50 201.70 

5 20.75 20.2 60 221.20 

6 20.31 20.52 70 222.47 

7 20.13 20.2 80 228.02 

8 21.93 22.02 90 192.01 

9 21.38 21.8 100 198.93 

10 20.43 20.85 110 217.67 

11 21.29 21.71 120 200.60 

12 20.85 21.29 130 208.87 

13 23.21 23.74 140 168.27 

14 21.81 21.59 150 196.90 

15 22.68 22.57 160 181.13 

Table 9: Microhardness test results of lead free brass - 0.05 Mm/Rev 

0.10 mm/rev – Feed rate 

S. No d1 d2 x HV 

1 19.26 19.38 20 248.40 

2 18.19 17.98 30 283.49 

3 19.03 18.62 40 261.67 

4 18.61 18.06 50 275.87 

5 20.35 20.79 60 219.15 

6 20.19 20.48 70 224.23 

7 21.74 21.19 80 201.27 

8 20.34 20.02 90 227.69 

9 20.23 20.65 100 221.95 

10 20.98 20.56 110 214.95 

11 20.51 19.9 120 227.17 

12 21.4 21.85 130 198.29 

13 22.15 22.72 140 184.24 

14 20.68 20.84 150 215.14 

15 21.3 20.75 160 209.78 

Table 10: Microhardness test results of lead free brass - 0.10mm/Rev 
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0.15 mm/rev – Feed rate 

S. No d1 d2 x HV 

1 17.19 16.97 20 317.84 

2 17.41 16.54 30 321.98 

3 18.92 18.93 40 258.88 

4 18.8 18.04 50 273.38 

5 19.77 19.87 60 236.03 

6 19.87 20.53 70 227.29 

7 20.1 19.44 80 237.29 

8 19.44 19.45 90 245.22 

9 21.28 20.86 100 208.87 

10 19.76 19.77 110 237.34 

11 20.3 20.3 120 224.99 

12 20.97 20.95 130 211.05 

13 20.74 21.05 140 212.37 

14 21.59 21.91 150 196.01 

15 21.81 21.59 160 196.90 

Table 11: Microhardness test results of lead free brass - 0.15mm/Rev 

0.20 mm/rev– Feed rate 

S. No d1 d2 x HV 

1 18.58 18.82 20 265.16 

2 17.84 18.16 30 286.19 

3 20.2 20.19 40 227.34 

4 19.45 20 50 238.35 

5 20.19 20.74 60 221.42 

6 20.19 20.43 70 224.78 

7 19.66 20.96 80 225.01 

8 20.41 20.95 90 216.84 

9 20.63 19.9 100 225.85 

10 20.4 20.53 110 221.38 

11 20.85 20.95 120 212.26 

12 20.52 20.73 130 217.97 

13 22.34 21.92 140 189.34 

14 22.57 22.23 150 184.80 

15 21.37 22.56 160 192.32 

Table 12: Microhardness test results of lead free brass - 0.20mm/Rev  
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APPENDIX II 

Study 1- Grain analysis 

Lead Brass 

  

  Figure 28: Original SEM image – Lead brass                        Figure 29: Extracted Area 0-50µm from  

                edge - Lead brass  

 

                                                                     

  

Figure 30: Extracted area 50-100 µm from   Figure 31: Extracted area 100-150 µm from                                                            

edge – Lead Brass            edge– Lead Brass 

 

 

 

 

 

Grains analysis - Eroded

50 µm

0 50 100 150 200 250 µm

µm

0

50

Statistics over all grains - Eroded

Global information Value

Number of grains 1158

Total area occupied by the grains 6659 µm² (52.5%)

Density of grains 0.0912 Grains/µm²

Grains analysis - Eroded

50 µm

0 50 100 150 200 250 µm

µm

0

50

Statistics over all grains - Eroded

Global information Value

Number of grains 1036

Total area occupied by the grains 8327 µm² (65.6%)

Density of grains 0.0816 Grains/µm²

Grains analysis - Eroded

50 µm

0 50 100 150 200 250 µm

µm

0

50

Statistics over all grains - Eroded

Global information Value

Number of grains 959

Total area occupied by the grains 7473 µm² (58.9%)

Density of grains 0.0756 Grains/µm²



 

43 
 

Lead Free Brass 

 

  

Figure 32: Original SEM Image – Lead Free Brass               Figure 33: Extracted Area 0-50µm from 

                                                                                                            edge – Lead Free brass 

 

 

 

  

     Figure 34: Extracted area 50-100 µm from                  Figure 35: Extracted area 100-150 µm from  

                  edge – Lead Free brass                                                        edge – Lead Free Brass 
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STUDY 2 – Grain analysis 

0.06 mm/rev – Feed rate 

 

 

    Figure 36: Original SEM image – 0.06 mm/rev                 Figure 37: Extracted Area 0-50µm from  

                    Edge – 0.06 mm/rev 

 

 

 

 

     Figure 38: Extracted area 50-100 µm from   Figure 39: Extracted area 100-150 µm from  

                      edge – 0.06 mm/rev                       edge – 0.06 mm/rev 
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0.1 mm/rev – Feed rate 

 

  

   Figure 40: Original SEM Image – 0.10 mm/rev   Figure 41: Extracted Area 0-50µm from  

       edge – 0.10 mm/rev 

 

  

          Figure 42: Extracted area 50-100 µm from   Figure 43: Extracted area 100-150 µm from  

        dge – 0.10 mm/rev                                         dge – 0.10 mm/rev 
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0.15 mm/rev – Feed rate 

 

  

   Figure 44: Original SEM Image – 0.15 mm/rev      Figure 45: Extracted Area 0-50µm from 

                      edge – 0.15 mm/rev 

 

  

       Figure 46: Extracted area 50-100 µm from                Figure 47: Extracted area 100-150 µm from  

       edge – 0.15 mm/rev                     edge – 0.15 mm/rev 
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0.2 mm/rev – Feed rate 

 

  

   Figure 48: Original SEM Image – 0.20 mm/rev        Figure 49: Extracted Area 0-50µm from  

           edge – 0.20 mm/rev 

 

  

      Figure 50: Extracted area 50-100 µm from   Figure 51: Extracted area 100-150 µm from 

        edge – 0.20 mm/rev     edge – 0.20 mm/rev 
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