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ABSTRACT 
 

The United Nations Development Programme (UNDP) listed responsible consumption 

and production as the 12th sustainable development goal. The efficient management of 

our shared natural resources and the way we dispose of toxic waste and pollutants are 

important targets to achieve this goal. Encouraging industries, businesses, and consumers 

to recycle and reduce waste is equally important as is supporting developing countries to 

move towards more sustainable patterns of consumption. One such waste originates from 

titanium (Ti) processing industries.   

Ti alloys especially Ti6Al4V (Ti64) have a variety of applications in the avionics 

and biomedical industry by virtue of their unique properties like high strength, 

lightweight, extraordinary corrosion resistance, and the ability to withstand extreme 

temperatures. In the quest to obtain various shapes and sizes of Ti64 components, 

predominately subtractive machining is employed which produces a significant volume 

of machining scrap in the form of swarf. Ti alloys being high-value materials, there is an 

urgent need to develop sustainable technologies to recycle the swarf. The high surface-

to-weight ratio in addition to the presence of coolant, dust, and tool impurities makes 

conventional recycling of swarf economically unviable.  

The present study proposes multi-stage ball milling (BM) based sustainable 

technology to recycle Ti64 swarf into powder feedstock that can further be used as raw 

material for additive manufacturing (AM). Ti64 swarf was collected, cleaned, and ball-

milled in an in-house designed and fabricated tumbler ball mill. In addition to bulk 

powder properties (flowability and spreadability) evaluation, the developed powder was 

characterised for particle size, morphology, hardness, and crystalline phases. Finally, the 

power was used as raw material for direct metal laser sintering (DMLS) to examine its 

suitability for AM.  

It was found that the 25 mm diameter balls resulted in the largest powder particle 

size change followed by 12.5 mm and 6.25 mm diameter balls. Near-spherical 

morphology of Ti64 powder particles having the size of 40-200 µm was obtained after 

18 h of BM. The flowability and the spreadability analyses of the powder proved its 

suitability for utilization in AM process. Experiment results show that proper melting of 
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the prepared powder takes place at 1000 mm/s scanning speed and 310 W laser power 

during the DMLS process.  

The sustainability of the proposed process was analysed using a comparative life 

cycle assessment (LCA). It was found that the proposed method consumed less energy (~ 

59 %), has low eco-cost (~ 82 %), and has less GWP (~ 68 %) as compared to the GA 

and thus, has the potential to produce powders with regulated characteristics from Ti64 

swarf. 
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CHAPTER 1 

1. INTRODUCTION 
 

1.1. BACKGROUND 

 

To achieve the goal of sustainable manufacturing, the industries need to aim for 

processes that utilize less energy, emit fewer gases, and generate less waste in 

comparison to the conventional manufacturing techniques [1]. At the intermediate and 

importantly at the last stage of product life cycle, the waste should be managed using 

waste management hierarchy to bring sustainability to the entire process [2]. Metal 

cutting by conventional subtractive machining methods is an essential process 

throughout engineering design and manufacturing industries [3]. Conventional 

subtractive machining techniques are widely used to produce engineering components to 

meet the current technological demand [4]. The versatility of these machining processes 

has significantly increased efficiency and reduced production cost in recent times [5]. 

However, these manufacturing techniques apart from producing high-quality parts lead 

to the generation of scrap in the form of machining chips (MCs) [6]. The scrap generated 

during the product manufacture stage impacts the environment in several direct and 

indirect ways [7]. Widespread social awareness resulted in tighter legislation being 

introduced in order to minimize the ill effects of recycling of MCs [8]. One such 

obligation proposed is the recycling of MCs thereby converting them to reusable form. 

Relatively low production cost and ability to fulfil the needs of modern societies are 

some of the major advantages of MCs recycling [9].  

In comparison to the new materials, recycled materials serve lower costs of 

processing right from the beginning of the product life cycle to the end product [10]. 

Therefore, conventional recycling of MCs thereby converting them to raw material in the 

form of billets with or without melting has become popular. Metal loss due to oxidation 

[11], increase in labour, and energy cost [12] are the major disadvantages associated with 

conventional recycling methods [13]. To overcome the shortcomings of conventional 

recycling methods like melting in the furnace [14] followed by casting [15], direct 

recycling methods of MCs have been recently explored [16]. Direct conversion methods 

(DCMs) implies the recycling modes that require less energy input compared to 
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conventional recycling methods [17]. The DCMs use MCs directly generated from the 

machining process. Based upon the process used, DCMs can be broadly categorized into 

four categories viz. melting, forging, extrusion, and the possible combination of these 

processes [18]. Specifically, DCMs include compression, spark plasma sintering [19], 

hot extrusion [20], friction-stir consolidation [21], equal channel angular pressing [22], 

cold pressing [23] and laser melting [24]. There are many advantages of DCMs of 

recycling MCs that include cost-saving, energy-saving, and environmental protection by 

reducing the emission of harmful gases [25]. However, problems such as poor surface 

topography and inferior mechanical characteristics (Fig. 1.1) of the parts fabricated with 

DCMs are inherited from the used raw material (MCs) [26]. The deformation in such 

components occurs through the weak interface present at the chips interface due to the 

improper binding of chips even at the high pressure and temperature [27]. In addition to 

this, the energy consumption during these processes is still considerable, which cannot 

be ignored. A high amount of energy is consumed to generate the required force for the 

direct conversion of large-sized chips into briquettes [28]. 

 

Fig. 1.1 Shortcomings associated with the recycling of machining chips by direct 

conversion and conventional recycling methods 

 

Fig. 1.2 compares the performance of conventional melting of MCs and DCMs 

based on sustainability parameters. It is evident that the conventional melting of MCs is 
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not a good alternative. This is due to the high environmental impact related to the 

emission of harmful greenhouse gases, and metal oxides. These gases have the potential 

to affect the health of living beings and thus, conventional melting is not a viable 

solution to tackle MCs. On the other hand, DCMs convert MCs to briquettes that are 

easy to handle and post-process. Although materials like Al, Mg, and Cu can easily be 

processed by DCMs due to the consumption of less processing force, the materials like 

Ti and alloys, Ni and alloys, and other super alloys are difficult to process due to the high 

force requirement owing to the nature of the material. The high force usually breaks the 

die component of the system and hence is not a desired processing method for such 

materials. The blend of these limitations makes these methods of recycling MCs 

unsustainable. Hence, there is a need to develop either new technologies or innovative 

use of already existing technologies for sustainable and clean recycling of MCs. 

 

Fig. 1.2 Performance comparison of machining chips recycling by conventional melting 

and direct conversion methods based on sustainability parameters. 

 

1.2. CURRENT SCENARIO OF MACHINING CHIPS RECYCLING 

 

MCs have the potential to be converted into raw material for producing new engineering 

products. It is calculated that MCs constitute a large percentage (13.7% aluminium and 

14.6% steel) of the waste generated from all the manufacturing processes globally [29]. 

On the other hand, if we compare the share of titanium (a difficult-to-machine material), 

it is estimated as 55% of the total input material gets converted into MCs (National data 

of US) [30] as evident from Fig. 1.3. By virtue of its low weight-to-strength ratio, 

titanium is widely used in the aviation sector. It generates a large amount of waste due to 

the complex geometry of components being made by employing various machining 
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processes. Recycling such materials has a significant impact on overall material cost. 

The circular economy emphasizes sustainable material usage that can only be achieved 

by reducing the formation of machining scrap. 

 
 

Fig. 1.3 Machining scrap share of aluminium, steel, and titanium (Globally) {redrawn 

from [29]and [30]}. 

 

In the absence of any sustainable technology, presently majority of the industries 

recycling the MCs use DCMs. Due to the ongoing concerns over the environment, many 

companies are involved in MCs recycling and produce briquettes for further handling or 

processing. Usually, briquetting is a product of recycled MCs through DCMs. Table 1.1 

lists the major industrial players that recycle MCs by various DCMs. However, the 

briquettes do not have any direct end-use as such due to the high porosity and 

insufficient binding. Thus, post-processing or secondary melting is required [31]. These 

shortcomings limited the use of DCMs of recycling thereby generating the need for 

newer recycling technologies. 
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Table 1.1 List of companies involved in recycling machining chips using direct 

conversion methods. 

S.No. Company Recycling 

material 

Output 

(kg/hr) 

Type of 

process 

Briquette 

size (mm) 

Ref. 

1 RUF Briquetting 

systems 

Al, SS, Cu, 

Bronze, Brass 

50-

5,000 

Forging 60x40 – 

150x120; 

Ø60-150 

[32] 

2 PPALLMANN 

industries  

Al, Cu, Mg 150-

1,280 

Extrusion L210; Ø60 [33] 

3 WEIMA Al, SS 50-300 Extrusion 70x70-

150x60; 

Ø50 

[34] 

4 WEIMA Al, SS, Cu, 

Brass 

400-

6,000 

Forging 150x60-

340x340 

[34] 

5 NEDERMAN Al, SS, CI 100-

800 

Forging L110; Ø60-80 [35] 

6 STANSZ Al, SS 85-

1375 

Forging Ø65-225 [36] 

7 SIMOLIN 

WATER & 

ENERGY LTD 

Al, SS, Cu, 

Brass 

300-

5,000 

Forging Ø70-220 [37] 

8 CO.MA.FER 

MACCHINE 

Al, SS, CI, Cu, 

Brass, Bronze, 

Mg 

50-

2,000 

Forging Ø60-110 [38] 

9 METSO Al, SS, CI, Cu, 

Brass, Bronze 

Up to 

9,600 

Forging 60x210-

90x195;Ø140-

210 

[39] 

10 EMI Inc.  Al, SS, CI, Cu, 

Brass 

1,500-

5,000 

Forging  Ø100-170 [40] 

11 ARS Al, SS, CI, Cu, 

Brass 

34-

1,450 

Forging 70x76-90x90 [41] 

12 JOHN 

HARTAdvanced 

Manufacturing 

Technologies 

Al, SS, CI, Cu, 

Brass, Ni alloy 

45-230 Forging 63x40-72x40 [42] 

13 PRAB Al, SS, CI, Cu, 

Brass 

57-

2,268 

Forging Ø50-130 [43] 

14 POSSTECH Al, CI 200-

550 

Forging Ø100 [44] 

15 ANYANG Al, CI, Brass 600-

8,500 

Forging 60x110-

200x250; 

Ø90-220 

[45] 

16 AMADA Al, SS, CI, Cu 60-120 Forging Ø70-80 [46] 

 

 

In recent times, there have been great efforts to develop an effective, versatile, 

efficient, reliable, and environmental-friendly 'Cleaner Recycling Technology' for the 
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recycling of MCs. One such alternate way-out is possible by converting the MCs into 

feedstock powder instead of briquettes. Thus produced feedstock powder can be used as 

raw material for the manufacturing variety of products by additive manufacturing (AM) 

and powder metallurgy (PM) technologies. In a recent study by [9], the recycling of MCs 

as feedstock material in AM was carried out by means of energy-intensive melting and 

solidification process techniques known as additive friction stir deposition (AFS-D). The 

results showed the potential to recycle MCs by feeding them directly into the AFS-D 

process and generating structurally sound deposition that can be used for point-of-need 

production particularly in the austere environment where multi-step processing of MCs is 

not possible due to prevailing shop floor limitations. Similar efforts were made to design 

a continuous recycling process. In an effort by [47] the potential of friction stir extrusion 

was presented and discussed. It was demonstrated that MCs could be recycled to produce 

filler wire for AM process by using a designed direct chip-recycling device. However, 

these techniques are only in their early phases of development and are not commercially 

available. In addition, as already discussed, materials like Ni alloys, Ti alloys, and 

stainless steel are not possible to process owing to their high resistance to deformation. 

Hence, there is a need to develop newer recycling technologies specifically for hard-to-

machine alloys  

One of the most suitable cleaner recycling methods investigated by many 

researchers is the breakdown of larger-size MCs into smaller sizes in the form of powder 

[48]. Depending upon the size of the chip powder (CP), the CP can be used as a raw 

material in various PM and AM processes [49]. However, to produce high-quality CP 

comparable to feedstock powder produced by conventional powder production 

techniques (CPPTs) like plasma rotating electrode process (PREP) [50], plasma 

atomization (PA), gas atomization (GA) [51], and other techniques like water 

atomization (WA) [52] is a challenging task. CPPTs include methods like PA and GA to 

produce near-spherical shaped powder as shown in Fig. 1.4. However, other methods 

like WA produce near-to-spherical morphology of powder. Thus, amongst the mentioned 

CPPTs, due to the controllable distribution of particle size and spherical morphology, the 

powder produced via GA is the most popular feedstock [53]. But it is imperative to 

mention here that the powder produced from the CPPTs needs a considerable amount of 

energy and hence increases the cost of the end product by several folds [54]. As a result, 

the CPPTs are economical only for mass production.  
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In addition to this, CPPTs are not feasible for powder production from a variety 

of alloys that are not commonly used due to the economic point of view of the processes. 

To overcome these shortcomings, ball milling (BM) has recently been explored as a 

viable solution for powder production from MCs. BM is a traditional powder-processing 

technique primarily used for reducing particle sizes [55]. During BM, the collusive 

impact interaction of balls with powder particles and walls of the closed container 

generates localized high pressure to reduce the particle size due to the mechanical 

impacts of the balls [56]. 

 

 
Fig. 1.4 Morphology of powder used in metal-additive manufacturing obtained from 

different conventional powder production techniques. {(a) Ti–47Al–3Cr [57]; (b) 316L 

stainless steel [58];(c) 316L stainless steel [58]; (d) inconel-718 [59]; (e) Fe [59]; (f) 

Ti6Al4V [59]; (g) Ti–6Al–4V [59]; (h) Fe–18Cr–8Ni–12Mn–N [59]}. 

 

Absence of issues as mentioned for other conventional and DCMs, BM can be 

explored as a sustainable alternative for recycling of MCs [60]. Thus, this work presents 

a systematic review to suggest an alternate powder production technique focused on the 

recycling of MCs by BM. Firstly, the morphology of MCs best suitable for recycling is 

reviewed. Thereafter, the effect of BM parameters on the morphological, mechanical, 

and physical properties of the CP is evaluated. In addition, a comparison of the CP 

obtained by recycling of MCs is performed with commercially available powder 

produced by CPPTs. 

 



8 

CHAPTER 1. INTRODUCTION 

1.4. ISSUES WITH CONVENTIONAL RECYCLING OF Ti6Al4V SWARF 

 

Ti alloys are typically used in several applications ranging from avionics to biomedical 

owing to its exceptional properties such as high corrosion resistance, impact toughness, 

formability, weldability, and biocompatibility [61]. Ti is extracted through Kroll’s 

process and the complexity of the process owes its high cost [62]. Moreover, machining 

of Ti alloys is comparatively difficult and results in generation of a considerable amount 

of waste in the form of swarf, turnings, hard waste, and agglomerated powder waste 

(Fig. 1.5). It is estimated that 55% of the total Ti alloy input material gets converted into 

machining waste (national data of US) [30] (Fig. 1.5). Ti alloys being high-value 

materials, there is an urgent need to develop technologies to recycle this waste. 

Conventionally, the swarf (size < 1000 mm) is recycled by going through various 

processes: crushing, centrifuge (oil recovery), thermal degreasing, melting in furnaces, 

and casting into ingots [30]. Amongst these, the most important process is melting, 

which is not a sustainable route owing to many limitations such as the use of water-

cooled copper crucibles, use of energy-intensive vacuum arc melting furnaces, the 

requirement of vacuum, or/and inert environment [63]. Also, to achieve homogeneity of 

the recycled material, this process is only able to melt a small volume of the swarf 

otherwise multiple melting steps are required. It has been reported that metal recycling 

via such routes consumes > 6000 litres of water per metric ton of output [64]. On 

melting, swarf emits metallurgical smoke due to oxidation of impurities and some 

fraction of base metal [65]. Having a high value of global warming potential (GWP), this 

smoke is very harmful to the environment. All these issues collectively contribute to a 

permanent metal loss of 15-25 % which leads to the unsustainability of the entire process 

[66].  

Few studies have been conducted with the aim to realize sustainable recycling of 

Ti64 swarf. [67] characterized the powder produced from Ti64 swarf using 

hydrogenation-dehydrogenation (HDH) process and utilized the same using cold spray 

technology. Likewise, [68] recycled the coarse Ti64 MCs into fine powder for PM via 

BM. Majority of the work explored the HDH process to recycle Ti64 MCs into powder 

using BM. But the HDH process itself is energy-intensive and it is hard to maintain 

specific temperature and pressure conditions during the process; also utilization of 

hydrogen in a controlled environment is itself a challenge [69].  
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The raw material for metal AM in the form of metal powder is generally 

produced using the GA technique [70]. In this process, the metal is made to melt at high 

temperatures using vacuum induction furnaces and atomized using a high jet of a 

pressurized (0.5 - 4 MPa) inert gas such as argon and nitrogen [71]. The price of 

consumables such as liquid nitrogen used to cool the melted powder, high purity raw 

material, and electricity is very high [72]. The raw material used in the GA process is 

freshly procured high purity billets of the concerned material [73]. This entire process is 

energy-intensive and only feasible for mass production [74]. Besides, the production of 

harmful metallurgical smoke during the melting of metal is not good for the onsite 

workers as well as the environment. Thus, GA process is not economical and 

environment friendly [51] and in turn, there is a requirement for the development of a 

clean powder production technique. 

 

Fig. 1.5 Ti6Al4V life cycle showing various recycling routes [30]. 
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1.5. BALL MILLING 

 

BM is a process used to grind powders into fine particles and make a homogeneous 

mixture. This mixture of powder can be served as raw material for various metal-AM 

processes [75]. As an environment-friendly substitute for CPPTs, BM can be explored 

owing to its process competencies [76]. There are various forms of BM techniques 

depending upon the application but the basic principle is the same for all. It comprises a 

rotating (axially or radially) cylinder that is partially filled with balls made from hard 

materials like ceramic, stainless steel, or of the processing material (for high purity) as 

shown in Fig. 1.6 (a). The cylinder is also partially filled with raw material that generally 

is non-homogeneous powder particles of larger size. The powder, which is trapped 

between the colliding surfaces (cylinder wall-ball contact surface, ball-ball contact 

surface) undergoes mechanical load under high strain rates. Due to this load, high 

mechanical stress is generated at the point of contact. The deformation induced by these 

stresses depends upon the intensity of the mechanical stresses and also on the 

morphology, arrangement, and properties of the particles (physical and chemical) [77]. 

Researchers classify the ball mills according to their mode of activity into two groups: 

direct and indirect. Rollers or mechanical shafts in the case of direct BM operate directly 

on the particles and transfer the kinetic energy. In the case of indirect BM, the kinetic 

energy is passed first to the body of the device, and then to the grinding media. They can 

be classified further into three types viz., tumbler ball mills [78], vibratory ball mills 

[79], and planetary mills [80] as shown in Fig. 1.6 (a) and explained below: 

 

1. Tumbler mill: It consists of a circle, partly packed with revolving steel balls along its 

longitudinal axis [78]. The performance of the method in this sort of instrument 

depends primarily on the diameter of the device. Larger diameters generate higher 

fall height and therefore higher energy is transferred to the balls; 

2. Vibratory mill: In the vibratory mill, the tank holding the steel balls and the grinding 

medium is shaken back and forth at strong vibration frequencies [81]. In this 

situation, the vibration strength and the density of the milling medium are significant 

considerations; 

3. Planetary mill: In the planetary ball mill, the vessels are positioned on a spinning 

support disk in a planetary pump spinning on its axes [82]. Again, vessel size is an 

important parameter for process performance, since a higher distance allows higher 

kinetic energy and therefore produces stronger impacts [83]; 
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4. Attritor mill: A shaft with arms or discs stir the media contributing to more effective 

use of energy in the BM process [84]. 

 

During the BM process, the thermal, shear, kinetic, and strain energy transforms 

powder particles by the change in their morphology and reduction in size via the solid-

state deformation mechanism (by grinding the starting materials together). The impact 

force plays a significant role in powder refinement during the process [85]. The 

mechanism of refinement of ductile materials is followed by four stages as presented in 

Fig. 1.6 (b). 

 

1. Welding stage: The irregularly shaped powder particles get welded to themselves 

when they come in contact with each other under the high impact force of balls; 

2. Squeezing stage: The morphology of welded powder particles changes into a sheet 

that gets thinner as the process progresses; 

3. Fracturing stage: On the further continuation of impacts, the particles get fragmented 

into even smaller size and reaches the desired size range for metal-AM; 

4. Dynamic stable stage: Further fragmentation of particles and intermixing to obtain a 

stable size range [86]. 

 

The morphology, size, and composition of MCs can be altered to the desired 

characteristics of the powder by controlling the BM process parameters [87].  

 

Fig. 1.6 (a) Schematic of ball milling processes {redrawn from [83]}, (b) mechanism of 

powder particle size reduction in ball milling {redrawn from [85] and [88] }. 
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CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1. METHODOLOGY ADOPTED 

 

A comprehensive literature review is performed to reveal the possibility of utilizing 

waste MCs by converting them into powder feedstock for metal-AM processes using 

BM. It is found that many authors performed studies related to BM of MCs but a 

comprehensive study on a larger scale still needs to be carried out. Thereafter, the 

process flow can also be proposed to provide an insight into the actual use of this 

technology on a large scale. The review process includes the following steps as depicted 

in Fig. 2.1. 

 

Fig. 2.1 Methodology adopted for the literature review. 

 

The major part of the research is based on the quality assessment of produced CP 

using BM. Evaluation of produced powder is made on the economic aspects of the 

proposed process and compared with CPPTs. A literature search is carried out from 

published and publically available literature. Besides, data from relevant sources 

available on the internet is used for the powder cost comparison. The screening of the 

obtained literature is a major task to stay focused on answering the research questions. 

For the same, literature concerned only with the utilization of MCs using BM is used. 
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The data relating to the properties and morphology of the obtained CP of various 

materials is compared with powder obtained by GA (one of the most common CPPT) 

using graphical representation and micrographs. Further, the quality comparison of the 

obtained single track (single layer of powder deposited using laser/electron beam) using 

various AM technologies utilizing CP is presented. Finally, a framework based on BM 

technology is presented which suggests the plausible methodology for recycling MCs 

into CP from the generation stage to the final utilization stage. 

 

2.2. SIZE AND MORPHOLOGY OF MACHINING CHIPS 

 

The size and morphology of MCs derive the properties of the material mass obtained 

after the recycling process. Irrespective of the method of recycling used, it is always 

desirable to use the small and smooth MCs to make the recycling process sustainable by 

reducing energy consumption. But different machining processes end up producing a 

variety of sizes and shapes of MCs. Generated MCs have different morphology and sizes 

as per the manufacturing process, input parameters, and the type of tool used. Thus, it is 

imperative to investigate the types of process (machining) used to fabricate the 

components and hence the generation of MCs. Fig. 2.2 shows the different types of MCs 

generated from various manufacturing processes. Conventional machining processes 

contribute hugely to MCs generation. These include turning [89], end-milling [20] 

drilling [90], stamping [91], grinding [92], and also non-conventional processes like laser 

cutting [93]. Primarily, the size and shape of the MCs are decided by machining 

parameters such as speed [94], feed rate [95], tool diameter [96], depth of cut [97], type 

of workpiece material [98], and machining environment or cutting fluid [99].  

The MCs produced during grinding and laser cutting are appropriate for recycling 

without any pre-processing due to their smaller size. However, contamination of MCs 

with wheel impurities and high-temperature oxidation limited the use of these MCs for 

recycling purposes. Hence, the majority of the MCs that are available for recycling 

comes from other machining operations like turning, drilling, end-milling, and shaping. 

These processes generally produce comparatively large MCs that can be easily cleaned 

by washing and chemical treatments [100]. Consequently, there is a requirement for the 

breakdown of bigger-size MCs into smaller-size MCs so that they can effectively be used 

for recycling purposes. That is possible by either using some means to reduce the chip 

size during the machining process itself or post-machining. These provisions include:  
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1. Breakage of large-sized MCs into the smaller size during the machining processes by 

the use of chip breakers [101];  

2. Using advanced manufacturing processes such as modulation-assisted machining 

which produces discrete MCs [102] in the size range from 1 mm to 50 µm (Fig. 2.2);  

3. Mechanical shredding of already generated continuous large MCs [103].  

 

 

Fig. 2.2 Type of machining chips generated during various manufacturing processes. 

{(a) grey cast iron [104]; (b) stainless steel [105]; (c) AA-6060 aluminium alloy [20]; (d) 

AZ31B magnesium alloy [106]; (e) Ti6Al4V [107]; (f) CuSn10 bronze [108]; (g) chips 

produced without chip breaker [109]; (h) aluminium chips produced with chips breaker 

on the turning tool [109]. (i) AA-6060 aluminium alloy [20]; (j) AC4CH aluminium alloy 

[110]; (k)stainless steel during modulation-assisted drilling [90]; (l) stainless steel 

during conventional drilling [90];. (m) low carbon steel [93]; (n) AA1050 aluminium 

alloy [21]; (o)AISI 4340 steel [111]; (p) low alloy steel [112]}. 

 

In addition to the size of MCs, morphology plays an important role in deciding 

the effectiveness of recycling by reducing machine damage. Most of the machining 
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processes produce MCs of complex morphology with sharp irregular edges (Fig. 2.3). 

These cannot be processed directly for recycling as they can damage machinery in the 

subsequent stages due to their morphology and tangling behaviour [113]. Therefore, 

these MCs are subjected to mechanical shredding to reduce their size and making them 

relatively smooth. The morphology of the MCs before and after shredding by mechanical 

shredders can be observed in Fig. 2.3. It can be seen that the mechanical shredder breaks 

continuous MCs of various morphologies such as helical screw [114], long cylindrical 

screw [115], and short helix into discrete particles of irregular but homogeneous 

morphology. Horizontally or vertically mounted rotor-type shredders are commonly used 

for the size reduction of MCs [116].  Inside these shredders, the material is subject to 

complex stressing modes viz. tearing off of fragments, intense deformation, further 

deformation & compaction of the fragments, and compaction of the fragments until they 

have the homogeneous morphology [117]. Also, it is essential to mention that techniques 

like mechanical shredding increase the overall energy input to some extent, which is not 

desired [113]. But still, the total energy consumption is far less than that utilized in 

CPPTs like GA [118]. 

Thus, briefly, it can be said that the smaller the size of the MCs, easy and 

sustainable is recycling. Another aspect of machine damage can also be taken care of by 

the discrete nature of smaller MCs due to the homogeneousness of morphology. 

 

 

Fig. 2.3 Chips shredder (roller type) and morphology of chips before and after 

mechanical shredding {redrawn from  [119]}. 
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2.3. BALL MILLING PARAMETERS 

 

The effect of the BM parameters (listed in Table 2.1) on the obtained CP can be 

explained by studying the changes in intrinsic and extrinsic properties of the CP as the 

quality of the metal powder feedstock is generally assessed by these properties. Although 

the general effect of BM parameters on the quality of feedstock powder obtained is well 

explored and understood, the effects of some of the prominent BM parameters are still 

required to be explored. Intrinsic properties are mainly dependent on the structure and 

chemical composition of the material such as elemental composition [120], hardness 

[121], and microstructure [122]; on the other hand, extrinsic properties depends upon the 

structural defects or presence of avoidable chemical contaminants such as particle size 

distribution (PSD) [123], shape [124], and morphology of the powder [125]. In the actual 

environment, the metal powders are not 100% pure. Impurities of other metals are 

usually present. The overall chemical composition of powder ensures the quality of the 

part fabricated using AM. Thus, it is important to determine the same by various 

methods including micro, bulk, and surface analysis [126]. The hardness of a material 

depends on the material microstructure and is, therefore, a useful tool to examine the 

microstructural changes [127]. Due to the oxygen and moisture content, the intrinsic 

properties can be influenced and can reduce the mechanical properties of the part been 

fabricated [128]. The PSD of a powder is a list of values or a mathematical function that 

defines the relative amount, typically by mass, of particles present according to size 

[129]. Particle size and PSD have a significant effect on the behaviour of metal powders 

during their processing [130].  It is well accepted that the spherical morphology 

contributes to the required flowability due to the particle-particle friction [131]. Thus, 

spherical morphology is preferred due to enhanced flowability, easy layer spreading, and 

loose powder packing [132]. Hence, it is required to justify the quality of powder 

obtained from recycling MCs based on these properties. 

As an environment-friendly substitute for CPPTs, the BM of MCs to produce 

powder feedstock is a promising method. Many authors explored the BM process and 

discussed the effects of various BM parameters on CP produced from MCs of different 

materials like stainless steel [49], aluminium [133], copper alloys [134], and titanium 

alloys [135]. The high-energy BM process was demonstrated as a sustainable way to 

reuse stainless steel MCs with the impurities of different materials (in this particular 

case- the addition of vanadium carbide (VC) for the development of a metal-carbide 

composite). 
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Table 2.1 Important ball milling parameters that decide the final characteristics of the 

produced powder. 

S.No. Parameter Effect on powder characteristics  Ref. 

1 
Container 
material 

It is an important factor as it defines the extent of the 
impact. A ductile material absorbs most of the impact 
energy and thus the residual impacts are not sufficient to 
change the morphology of particles. 

[136] 

2 
Milling 
medium 

The number of balls should be sufficiently high relative to 
the powder volume to have an acceptable effect on the 
powder. 

[137] 

3 
Rotational 
speed 

The rotational speed of the mill is an important factor. 
Higher the rotation speed, the higher is the energy 
transferred to the milling medium and hence powder. More 
precisely, with increased rotational speed, the effectiveness 
of the BM process increases. 

[138] 

4 
Charge 
ratio 

It is also called a ball to powder ratio (BPR). BPR 
estimates the powder transformation rate. Due to the 
increase in the number of successful impacts at higher 
BPR, the powder is easily processed. 

[137] 

5 
Milling 
time 

This parameter is important to accomplish a balanced stage 
between cold welding and the fracturing of particles. 

[138] 

6 
Milling 
atmosphere 

To prevent the powder from oxidation and contamination, 
milling is carried usually in argon, helium, or vacuum 
atmosphere depending on the reactivity of the powder 
being processed. 

[139] 

7 
Vial filling 
volume 

Around half of the vial, space is kept unfilled so that the 
balls can achieve adequate energy for the impacts. 

[138] 

8 

Process 
control 
agents 
(PCA) 

PCAs are organic compounds like stearic acid to control 
excessive cold welding. 

[138] 

 

Compared to the material without VC addition, the addition of VC to the BM 

process causes a more reduction in CP size. Moreover, the mathematical analysis 

revealed that the addition of VC as an impurity is the chief factor in the BM process 

followed by BPR, rotational speed, and milling time [140]. The morphology of powder is 

a significant factor in determining its quality. The shape and size of the particles 

produced at different milling times are presented in Fig. 2.4. It can also be perceived 

from Fig. 2.4 that the morphology depends upon the milling time and the type of 

processing material. The BM of tungsten (W) powder revealed that with the BPR of 

15:1, a high reduction in particle size was achieved in contrast to the BPR of 10:1 and 

4:1 at a milling time of 60 h [88]. To assess the impact of ball size on CP particle size in 

BM, [105] conducted the experiments by varying ball diameters. The findings have 

shown that Ø20 mm balls bring down the particle size to micron range, while Ø6 mm 

balls efficiently alter the CP morphology to near-spherical. 
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Fig. 2.4 Scanning electron micrographs of chips powder of various materials produced 

at different milling times {(a) [135], (b) [133], (c) *2 stage ball milling first carried out 

with Ø 20 mm balls for 24hr and then Ø 6 mm balls for 36 h [49], (d) [141], (e) [142], (f) 

[143]}. 

 

Likewise, Hong et al. [144] conducted a study on CP production using BM and 

concluded that balls of large diameters are more effective for the conversion of 

aluminium foil MCs into the CP owing to the high impact energy associated with large 

diameters. It was also found that the intermediate stops (cause subsequent cooling) in the 

course of the BM process results in the production of finer powder as compared to the 

nonstop BM for 25 h. In their study, Canakci et al. [145] found that the average CP 

particle size of the AA7075 MCs decreased to 30 µm -100 μm after 10 h of BM. Results 

also showed that the critical milling time of 5 h is sufficient to modify irregular chip 

morphology (average size of 10 mm) into near-spherical powder morphology. After 10 h 

of BM, the particles of processed CP were about 286 times smaller than the initial MCs. 

Afshari et al. [146] used jet milling (JM) to produce tin-bronze (90% Cu and 10% Sn) 

CP from MCs. Investigations revealed that the pre-existing cracks on the MCs that were 

produced during the machining operation act as crack initiation sites during the 

fragmentation in JM. Besides, the propagation of cracks is hugely influenced by the 

existence of the delta phase in the microstructure of the tin-bronze alloy. If broadly 

categorized, there are two sizes of MCs reported in the literature used for the powder 

conversion using BM: 900 µm – 200 µm (Fig. 2.5 (a)) and 2000 µm -1000 µm (Fig. 2.5 

(b)). The size reduction of CP varies differently with different materials. It can be 
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observed from Fig. 2.5 (a) that for materials like aluminum, bronze, and copper, 90% of 

the size reduction occurred in the first 20 h of BM. But on the other hand, for materials 

like titanium and stainless steel, the same percentage of reduction occurred after the first 

50 h of BM [147] (Fig. 2.5 (b)). 

 

Fig. 2.5 Effect of milling time on chip size of different materials, starting chip size- (a) 

900 µm-200 µm, (b)2000 µm-1000 µm. {redrawn from: Aluminium alloys [148], [145], 

and [133]; Copper alloys [142] and [134]; Stainless steel [149], [141], and [150]; 

Titanium alloys [135] and [151]; for process parameters, refer Fig. 2.6}. 
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The effect of hardness of the CP particles is an important characteristic to predict 

the quality of the CP and the subsequent component made by it using AM. It was found 

that the hardness of the CP increases with the increase in milling time as can also be 

observed from Fig. 2.6. From Fig. 2.6, it can be perceived that the hardness of CP with 

the addition of impurities like SiC and Mg [133], increases rapidly during BM as 

compared to the pure CP (without any addition). BM of stainless steel (austenitic) MCs 

were explicitly studied and findings showed that BM resulted in martensite nanoscale 

phase formation in CP. Produced CP had a dual structure comprising of martensite and 

austenite phases with a value of microhardness twice that of the original MCs [141]. It 

can also be perceived from Fig. 2.6 that post powder heat treatment reduces the overall 

hardness. 

 

Fig. 2.6 Effect of milling time on the hardness of chips powder of various 

materials.{redrawn from: At BPR-10:1; Ø 20 mm; rpm 200 for AlSiCu2 [133], AlSiCu 2-

10wt% SiC [133], AlSiCu 2-20wt% SiC [133], 400 rpm for stainless Steel [141], stainless 

Steel PA* [141], 500 rpm for Ti6Al4V [135], 304LSS [49], Al-7wt%Si-0.3wt%Mg [152], 

Al2014 [153]; all processes were carried in an argon atmosphere in planetary ball mill; 

* Post-treatment-Annealing for 1 h at 700 ºC}. 
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Bulk properties such as flowability and spreadability [154] of metal powder are 

crucial to discuss due to their role in feedstock flow during electron beam melting 

(EBM) (powder is fed along with laser) and layer spread during selective laser melting 

(SLM) (single layer is melted) respectively [155]. Carney Funnel measurements of 

irregular Ti64 powder showed a decrease in the value of angle of repose by ~15 degrees 

after BM of 18 h [67]. This decrease is primarily due to the reduction of inter-particle 

friction during the flow of near-spherical particles [156]. Usually, in AM systems, the 

spherical powder is desired due to its enhanced bulk properties which assure the perfect 

flow or layer spread in comparison to non-spherical CP [157]. It has been reported that 

the irregular particles generate non-continuous melt pools keeping the same scanning 

parameters due to the uneven initial spread on the base plate. Because with the increase 

in particle size, the lesser powder particles were irradiated during laser scanning and the 

irradiance intensity distribution becomes inhomogeneous and hence results in improper 

melting [158]. 

Despite having many advantages, CP produced using BM has some drawbacks 

associated. Process inherited drawbacks such as contamination of metal powder due to 

the excessive wear of balls and cylinder; large milling time or less output limits its use at 

a small scale. Also, while processing several reactive metals like Ti and Al, the process 

should be optimised for a safe milling environment due to their high affinity towards 

oxygen and nitrogen [159]. Powder of such metals is highly reactive and can catch fire 

with sudden exposure to air leading to catastrophic damage. High energy BM can 

promote cold welding due to the ductile nature of such metals and alloys [77]. To avoid 

such issues, it is mandatory to use PCAs during BM. PCA such as heptane is usually 

preferred for Ti and its alloys due to the absence of oxygen in this chemical compound 

[160]. Many studies used cyclohexane which is more stable (closed ring structure) [161]. 

It is advisable to use organic PCAs in the presence of an inert atmosphere due to their 

flammable nature. Also, during BM of Fe and Ni-based alloys, a mixture of paraffin and 

stearin showed promising results by lowering the formation of respective oxides and cold 

welds between powders [162]. It can be observed from Fig. 2.7 that with the milling 

time, the weight percentage of oxygen and nitrogen pickup has increased even with the 

use of different PCAs. However, this increased percentage is still near the standard value 

(0.22 wt% for oxygen and 0.06 wt% for nitrogen) [163]. Also, it can be observed that for 
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materials like stainless steel, the oxygen and nitrogen pickup is very less even after 60 h 

of BM without the use of any PCA [49].  

The concentration of interstitial elements (mainly oxygen and nitrogen) regulates 

the final properties of the parts in AM. Once the powder is produced with a fixed 

concentration of interstitials, the next step is to control its percentage during the AM 

process. During an AM process, the powder interacts with a laser or electron beam, and 

the local temperature rises that melts the powder. This rise in temperature favours the 

formation of stable oxides. To maintain the balanced concentration of gases in the 

atmosphere, usually, the gas is vented out and the chamber is filled with selected gas 

such as argon. In a study by [164], argon gas was flushed during the SLM process and 

the desired oxygen content was obtained in parts produced. The differences in oxygen 

and nitrogen dissolution appeared to have little effect on the mechanical properties, 

which are already over passing that of conventionally processed stainless steel. 

 

Fig. 2.7 Effect of milling time on the oxygen and nitrogen pickup of different materials 

BM using process control agents, (a) Ti6Al4V (PCA: 0.5wt% TiC in heptane) [165], (b) 

Ti6AL4V (PCA: 0.5wt% TiC & Sn) [165], (c) Ti6AL4V (PCA: 0.3wt% Ca) [166], (d) 

Ti6AL4V (PCA: heptane) [160], (e) Stainless steel [49], Standard Ti6Al4V GA powder 

[163]. 
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BM as a powder production technique has shown a good capability of producing 

CP from the MCs with properties comparable to the powder produced from the CPPTs. 

To achieve this goal on a large scale towards the sustainable production of feedstock for 

metal-AM, many process parameters such as milling time, rotational speed, BPR, and 

ball diameter are needed to be regulated as per the requirement [167]. It was found from 

the literature that the ball diameter should be substantially larger than the largest size of 

the chip being BM. Also, the material of the ball should be tough enough to deform the 

MCs and not themselves due to the continuous impact action [168]. To avoid the 

contamination of media, the balls should be made of the same material being processed 

[169]. The spherical morphology of the powder particles is desirable for the proper flow 

and energy absorption during processing with PBF (powder bed fusion) AM processes. It 

was found that the BM carried out in different stages is a promising procedure for the 

production of near-spherical morphology of CP [49]. For converting stainless steel MCs 

(5 mm- 20 mm) into CP with a particle size of a few hundred microns, BM with Ø20 mm 

balls for 24 h was found effective. For the further reduction in the size of CP (40 µm- 

150 µm) and altering the morphology to near-spherical, BM with Ø6 mm for 36 h was 

found to be the best combination of parameters. This is attributable to the rise in the 

frequency of impacts arouse from the reduced diameter of the balls [49]. Due to the high 

deformation of the matrix during the making of CP composite, the presence of 

reinforcement particles makes the BM process fast [170]. The impacts are dissimilar due 

to the non-homogeneity of the milling material and hence results in higher deformation. 

Various authors to make a comparison with the BM technique also explored JM. It was 

found that the shape irregularity of JM powder was more in comparison to BM powder. 

The hardness enhancement in produced CP was found only 3% in the case of JM, while 

in the case of BM it reached 30%. Moreover, JM powder was free from oxides but the 

oxygen content in BM CP was found to be increased considerably [142]. However, JM is 

capable of particle size reduction in softer materials but to achieve a low range of particle 

size is still a challenging task; in this regard micro-BM under cold conditions can be a 

promising alternative [171]. 

Concisely it can be said that the ball diameter is a crucial parameter for the size 

reduction followed by BPR, rotational speed, and milling time. On the other hand, 
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morphology is regulated by milling time followed by ball diameter. However, the 

reduction in size and change in morphology is highly dependent on the type of material 

being processed. Thus, these parameters can be regulated as per the requirement and 

ensuring minimal BM time towards sustainable conversion. In addition, the selection of a 

suitable PCA is necessary to avoid the cold-welding (in the case of ductile metals) and 

interstitial elements pickup (in the case of reactive metals). 

2.4. UTILIZATION OF BALL-MILLED CHIPS POWDER 

 

Metal-AM allows the manufacturing of functional components layer-by-layer with high 

structural integrity at a low cost and is compatible with various materials, including 

biocompatible titanium alloys [158]. The range of particle sizes used in various AM 

techniques is different. For instance, for laser-based systems (direct metal laser sintering 

(DMLS), laser engineered net shaping (LENS), SLM), the suitable range is <60 µm and 

for electron beam-based systems, the suitable range is 50-150 µm [172]. BM produces 

powder in a wide range of sizes with varying milling parameters. For example, after 18h 

of BM of Ti64 MCs (starting from a chip of size ~600 µm), >60% of powder falls in the 

range 53-150 µm and only 10% of powder falls in the range 5-53 µm [173]. Thus, the 

total share of powder to be used in EBM systems is more, and hence, the applicability of 

CP is more. In this regard, single tracks of CP produced using BM were successfully 

deposited via LENS (Fig. 2.8 (a)) and it can be observed from Fig. 2.8 (b, b1, c, c1) that 

both the single tracks (using GA and BM powder) show consistency in melt pool for 

stainless steel [49]. In a similar study by [174], geometric characterization and surface 

morphology of SLM-fabricated single tracks of BM-produced tungsten powder were 

studied. It was revealed that the inhomogeneity of produced CP influences the 

Marangoni flow (transfer of mass across the interface between two fluids due to a 

surface tension gradient [174]) by causing the variability in the melt pool size (Fig. 2.8 

(f)). Also, high powder absorption due to small particle sizes caused a more continuous 

and regular single-track [158]. In a comparative study by [131], it was found that the 

sphericity of the powder influence the product quality. Likewise, [175] used irregular 

powder in the range of 44-110 µm in the EBM system to fabricate bulk samples of Ti64. 

Large interconnected pores in the order of 200 µm were discovered near the top surface 

for the standard process conditions. During SLM, varying the powder size from D50=5.7 

µm to D50=57.63, single tracks shows inhomogeneity at the same processing parameters 
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(Fig. 2.8 (d, e) [158].  In a study by [176], spherical Nb-37Ti-13Cr-2Al-1Si pre-alloyed 

powders were used to fabricate single tracks varying laser power (LP) and scanning 

speed (SS) via SLM. Continuous single tracks were achieved using an LP of 380 W and 

SS of 600 mm/s from different combinations of these parameters. For stainless steel 

(904L) powders with different particle sizes it was found that the most influencing 

parameter is the LP, and then, in order of decreasing importance, are the powder layer 

thickness, the SS, and, finally, the particle size [177]. On the other hand, the quality of 

the single tracks or fabricated part depends upon the energy density as it can be easily 

regulated for the combined effect of LP and SS, which are the two most important 

factors in most AM systems [178]. Hence, more optimization studies are a way for the 

high applicability of CP produced using BM.  

 

Fig. 2.8 (a) Schematic of LENS process, (b,c) single tracks fabricated using LENS at a 

scanning speed of 1.7 cm/sec and laser power of 410 W using (b,b1) stainless steel gas 

atomised powder, (c,c1) stainless steel two-stage (Ø 20 mm balls for 24 h and then Ø 6 

mm balls for 36 h) ball milled powder as feedstock [49], (d, e) single track of pure 

tungsten powder at laser power of 350 W and 200 mm/s at variable powder size [158], 

(f) Spatial scales of a single track and schematics of typical geometrical parameters 
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during SLM process [179], (g) variation of single track geometry of stainless steel 

varying laser power and scanning speed during SLM [180]. 

From the existing studies, it can be briefed that to ensure the sound single tracks 

and full builds, the total energy density can be optimised by regulating the dominating 

parameters (SS and LP) against the size and morphology of CP particles (Fig. 2.8 (g)). 

As not much literature is available on the utilization of CP produced by BM in metal-

AM, it is evident from the existing literature that its utilization is successful and can be 

implemented by ensuring the quality of CP against GA powder, which is considered as a 

standard reference being representative of CPPTs. 

 

2.5. PROPERTIES OF THE PART FABRICATED USING CHIPS POWDER 

 

The quality of the part fabricated by metal-AM is directly influenced by the 

characteristics of feedstock i.e., metal powder [181]. Disparities in feedstock 

characteristics can lead to uneven layer spread [182], inconsistent bulk density [183], 

increased defects [184], undesired mechanical properties [185], and poor surface finish 

[186]. In recent times, some investigators published their findings on the use of CP 

produced by BM of MCs. In a study by Mangour et al. [187], 316L–Ti–graphite mixed 

CP obtained using BM of MCs for 35-h were used as a feedstock in SLM. Fabricated 

single tracks showed refinement in microstructure owing to the addition of TiC as 

reinforcing particles. Amongst several parameters, applied total energy density was 

found to be decisive in determining the microstructure of the fabricated single tracks 

incorporating CP using SLM. Similarly, Costa et al. [188] investigated the recycling of 

grey cast iron MCs using BM and used it as an input raw material in the PM by the 

sintering process. The results revealed that for CP to reach a size range comparable to 

commercial powder feedstock can be achieved after 24 h of BM. Due to the irregular 

shape, the powder particles shows good connectivity under lower sintering pressures and 

are suitable for applications where internal porosity in the fabricated parts is required. 

Likewise, in a work by [105] single tracks were made from powders obtained by BM and 

GA separately via LENS using similar conditions. Single track using BM powder 

exhibits circular geometry and uniformity of melt pool, and uniform arrangement of 

consecutive melt pools, similar to the characteristics perceived in single tracks made 

using GA powder. The uniformity and geometry of the melt pool of the single tracks are 

significantly influenced by machining parameters and are important in determining the 
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properties of the fabricated part [189]. During both GA and BM powder use, the 

substrate surfaces were found to have a minimal difference in splatter and grain structure 

that defines the effectiveness of BM powder. Similarly, [104] prepared compacts from 

powder feedstock obtained by mixing commercial pure GA iron powder with BM iron 

powder. The compacts of the prepared powder were made and found to have suitable 

mechanical properties. [142] found that CP produced by JM is capable to produce sound 

compacts by PM technique.  Moreover, it was revealed that on the increment in 

compaction pressure from 300 MPa to 700 MPa, sound compacts having a green density 

of 7-8 g/cm
3 

can be produced. 

Parts fabricated by BM-produced CP using AM and PM showed similar or even 

enhanced mechanical properties as fabricated by GA powder. This is due to the 

refinement of the microstructure during BM. Specifically, in AM, the sphericity of the 

powder can be compensated by regulating laser energy density to produce sound parts. 

 

2.6. COST AND QUALITY ANALYSIS 

 

Total mechanical energy spent in the BM process is utilized in various forms like sound 

energy, potential energy, thermal effects, electromagnetic effects, strain energy, chemical 

energy, structural rearrangement, amorphisation, and entropic contribution [190]. 

However, this total energy input in BM is significantly low in comparison to CPPTs due 

to the nature of the process, in which the material is melted to a temperature higher than 

its melting point. High purity inert gases like helium and argon are used to atomize the 

melted metal with the help of a high-pressure jet [73]. Also, the total cost associated with 

CPPTs comprises of cost of consumables (including energy), labour cost, and capital 

cost. But the yield can be ranged from 20-80% which is difficult to maintain and depends 

upon the scale of operation [74]. Thus, the cost comparison of the powder produced by 

both the CPPTs and BM techniques is important. It can be observed from Table 2.2 that 

the cost of powder feedstock produced using CPPTs is quite high which is not 

economical for the manufacturing of products on a large scale [191]. Specifically for 

difficult-to-cut materials like titanium and Inconel, this cost is even higher owing to the 

high cost of the primary raw materials and high melting temperature. 
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Table 2.2 Cost analysis of commercial gas atomized powder of various metals and alloys 

for metal-additive manufacturing. 

S.No. Material 
Cost of GA powder (US$ 

per Kg) [192] 
GA cost inputs [193] 

1 TiCP 350-600 

 

2 Hastelloy X (Ni-alloy) 48-102 

3 316L stainless steel 14-23 

4 CoCrMo 64-115 

5 Inconel-625 53-118 

6 Inconel-718 50-102 

 

To make a comparison of cost and the quality of GA and BM-produced powder 

feedstock, a rating from 1 to 5 is given to the associated parameters and is presented in 

Fig. 2.9. It can be perceived from Fig. 2.9 (a) that during BM, the primary raw material 

is machining waste (MCs), which is available at the cheapest cost contrary to the raw 

material used for CPPTs (Table 2.2). Alongside this, the machinery used in CPPTs is 

highly sophisticated and maintenance is expensive, contrary to the BM where simple 

machinery can fulfil the task [194]. In contrast, the morphology of the BM-produced CP 

is not perfectly spherical unlike those produced by CPPTs (Fig. 2.9 (b)). Thus, the 

reduction in the cost of powder production comes with inferior quality powder (in terms 

of morphology). Nevertheless, due to the sustainable nature of the process, it can still be 

further modified and explored to fulfil the shortcomings. 

 

Fig. 2.9 Comparison of powder feedstock produced using gas atomization and ball 

milling based on (a) cost, (b) quality; For the cost comparison, rating 1: least cost and 
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5: highest cost; for quality comparison, rating 1: inferior quality and rating 5: superior 

quality. 

 

2.7. CONCLUSIONS FROM LITERATURE REVIEW 

 

The possibility of recycling MCs by converting them into powder feedstock via the BM 

process is reviewed. The major conclusions drawn are: 

1. The type of MCs (material, size, and morphology) is a factor that is directly 

associated with the efficiency and economy of the recycling process using BM. As 

compared to conventional recycling (material loss 30-50%), the metal loss in the 

BM process ranges from 5-7%. 

2. Milling time and ball diameter are the two influencing parameters that regulate the 

size and morphology of the produced CP by the BM process. Multistage BM shows 

promising results in obtaining the near-spherical morphology (70-90% sphericity) as 

the large diameter ball size effectively decreases the chip size and smaller-sized 

balls modify the morphology owing to the surge in the frequency of low force 

impacts.  

3. The hardness of the BM-produced CP increases with an increase in the milling time 

due to phase transformations combined with other reinforcing mechanisms such as 

increased dislocation density and grain size refinement. Thus, by regulating milling 

time, the required properties of CP suitable for a particular material and application 

can be achieved. 

4. The produced CP can be successfully used in AM techniques as a feedstock material 

due to their near-spherical morphology and superior properties as compared to the 

GA powder.  
 

2.8. GAPS IN LITERATURE  

 

Based on the literature survey conducted on the possibility of recycling MCs into powder 

feedstock, the following are the gaps found: 

1. There are many studies on the recycling of stainless steel and aluminium MCs, but 

there is very little data reported on difficult-to-machine materials like Ti alloys and 

Ni-superalloys. 

2. There is a lack of literature concerning the utilization of recycled powder of 

difficult-to-machine materials in additive manufacturing. 
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3. Despite the availability of data related to recycled metal powders, there is no 

mention of sustainability metrics of the same in the literature. 

 

2.9. OBJECTIVES OF THE CURRENT STUDY 

 

Based on the conclusions drawn from the literature survey conducted on the possibility 

of recycling MCs by converting them into powder feedstock via the BM process, the 

following objectives have been formulated for the current study: 

1. The main objective of the study is to design a sustainable recycling 

technique/framework for Ti64 swarf by converting it into powder feedstock for 

additive manufacturing. 

2. To obtain the chips powder using the proposed framework. Besides, to characterise 

the chips powder for particle size, morphology, hardness, and crystalline phases 

alongside to find the bulk powder properties (flowability and spreadability).  

3. To find the optimised laser parameters (laser power and scanning speed) for proper 

melting of produced chips powder during direct metal laser sintering (DMLS) to 

examine its suitability for additive manufacturing. 

4. Finally, to understand and compare the environmental impact of the proposed 

powder production framework with its conventional counterpart, gas atomization. 
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CHAPTER 3 

3. EXPERIMENTAL TECHNIQUES AND PROCEDURES 
 

3.1. PROPOSED FRAMEWORK BASED ON LITERATURE REVIEW 

 

Based on the findings obtained from the literature review, a process for the successful 

conversion of MCs into CP using BM is hereby proposed and shown in Fig. 3.1. 

Expensive materials like titanium and inconel can be recycled by this method to 

contribute to the circular economy. Tool life is the regulating factor in machining and the 

least consideration is given to the quality of MCs produced [195]. Thus to enhance the 

tool life, different types of coolants are used [196]. After machining, coolant covers the 

chip surface and contaminates them. Moreover, due to the large surface area, this 

contamination is huge and can affect adversely the subsequent recycling stages and final 

product quality. 

 

Fig. 3.1 Proposed process flow for the sustainable conversion of machining chips into 

powder feedstock for metal-additive manufacturing. 
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In addition, in the actual metal cutting work environment, there is no dedicated 

framework that collects MCs based upon their material, size, and type of operation. So, 

there is a large possibility of contamination of MCs with traces/chips of other material 

[197]. Accordingly, there is a need to remove both kinds of impurities before planning 

the recycling methodology. Thus, it is required to sort this scrap at the initial stage of its 

production. The below-shown flowchart (Fig. 3.2) provides a methodology to prepare 

MCs for recycling by removing coolant and other impurities.  

MCs can be sorted during the production stage i.e., within the factory. This initial 

sorting saves time and effort and hence is the desired method. On the other hand, if there 

is no such infrastructure available within the factory, these can be segregated after the 

production by sorters. Sorters classify content composition using optical sensors through 

infrared cameras and then organize the scrap with mechanical sorters such as blowers or 

automated actuators. 

 

Fig. 3.2 Methodology to clean and prepare machining chips for recycling by removing 

coolant and other impurities. 
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In the view of same, [198]
 
developed a method for automated sorting of metal 

scrap and the results show that the system developed is a greatly feasible solution that 

could substitute traditional dense medium segregation and conventional sorting. [199] 

used an electro-magnetic sensor to show a system for characterizing and sorting metals. 

[200] developed a system for evaluating the distribution of magnetic elements in an 

inventory sample of titanium minerals. [201] suggested a novel automatic scrap metal 

sorting system that uses an optical sensing system based on colour vision and an 

inductive array of sensors. [202] researched the recovery of fine non-ferrous metals from 

waste streams and found that non-ferrous metals varying from 2 to 6 mm can be 

clustered at high waste stream recovery by feeding them moderately wet to conventional 

eddy current separators built for larger particle sizes. 

After the sorting stage, the MCs based on the type of material can be cleaned 

with water and/or chemicals to remove the impurity of dust and coolant. Specifically, if 

the impurity is hydrophobic, organic cleaners like CCl4, acetone, or isopropyl can be 

used. Otherwise, water and detergent are suitable for the cleansing action. The 

segregated MCs then sent to the shredder for a reduction in size as explained in section 

2.2. Further, these cleaned MCs can be ball milled as per the suitable parameters 

following the sonicate bath and drying. It is important to mention here that the size of the 

BM unit can be adjusted as per the requirement. The tumbler BM apparatus can be 

redesigned and fabricated in-house to be retrofitted on a computer numeric control 

(CNC) lathe to eliminate the use of sophisticated BM apparatus in which the batch size is 

too small. Accordingly, the parameters can be regulated.  

Finally, after size sorting and quality check, the CP is ready to fabricate 

components using PBF or blown powder metal AM technologies. PBF has evolved as 

the best alternative for the production of metallic parts from their respective powder 

feedstock [203]. PBF has been widely explored and currently being used for the 

manufacturing of parts with complex geometries from a variety of materials [204] such 

as titanium alloys [205], nickel-based super alloys [206], cobalt chrome alloys [207], 

steels [208], intermetallics [209], and metallic glasses [210].  With the development of 

PBF technologies, the manufacturing of components using DMLS [211], EBM [212], 

LENS [213], SLM [214], and selective laser sintering emerged as the most important and 

waste-free areas of metal-AM. Hence, there is the suitability of utilization of CP via this 

route for contributing to sustainability. 
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3.2. PREPARATION OF TI64 SWARF FOR BALL MILLING 

 

Ti64 swarf obtained from cutting operation of billets using steel blade was acquired from 

Bhagyashali Metal Industries (Mumbai, India). It was cleaned and processed as per the 

schematic shown in Fig. 3.3.  

 

 

Fig. 3.3 Steps followed to clean and process the Ti6Al4V swarf. 

 

To start with, the impurities of coolant were removed by cleaning with detergent 

followed by cleaning in the sonicator for 1 h. The cleaned swarf was then dried and 

sieved to eliminate very large particles (Size > 1000 µm) and foreign impurities which 

can interfere with the final results. Magnetic separation was carried out to eliminate the 

steel impurity of the cutting blade. Post this; heat treatment (4 h at 800 ºC) in a vacuum 

furnace was performed to burn any leftover impurity. Finally, before BM, it was cleaned 

with acetone to remove any burned impurity.  
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3.3. BALL MILLING OF PREPARED SWARF 

 

The cleaned Ti64 swarf was milled using an in-house fabricated tumbler ball mill driven 

by a CNC lathe (model: SANDS Precision SLT-135). The design specification of the 

BM apparatus is shown in Fig. 3.4. It constitutes stainless steel cylindrical jar having an 

internal diameter of 130 mm, wall thickness of 10 mm, and an inside volume of 

12742.30 cm
3
. Milling balls of stainless steel having diameter of 25 mm (Ø 25), 12.5 mm 

(Ø 12.5), and 6.25 mm (Ø 6.25) were used. The milling media with a consistent 20:1 

BPR (weight ratio) was maintained throughout the BM operation. The cylindrical jar was 

sealed to avoid excessive oxidation of the powder. It was rotated at 73, 70, and 68 rpm 

(for Ø 25, Ø 12.5, and Ø 6.25 respectively as per the critical speed formula for tumbler 

ball mill, 𝑆 = 0.8 
1

2𝜋
√

𝑔

(𝑅−𝑟)
 , where g is acceleration due to gravity, R is radius of BM 

cylinder, and r is radius of respective ball) with a 30 minutes pause after every 2 h of 

continuous rotation to avoid overheating the media and the associated system.  

 

 

Fig. 3.4 Specifications of In-house designed and fabricated tumbler ball milling 

apparatus. 
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Two-stage BM was explored by [215] for steel and found promising results for 

the size reduction and morphology modification. For Ti64 alloy, the suitable BM 

parameters were selected from a study by [135]. Thus, in the current study, three BM 

conditions i.e., 1S-6H, 2S-12H, and 3S-18H (Table 3.1) were studied to investigate the 

effect of multi-stage BM on the size reduction and morphology modification of Ti64 

swarf. The process starts with the BM of a fixed amount of cleaned swarf. After every 

stage of milling, the powder (generated from swarf) was sieved for 10 minutes to obtain 

the PSD and change in morphology. This process continued until the final stage of BM. 

 

Table 3.1 Ball milling parameters employed for the conversion of Ti6Al4V swarf into 

powder feedstock for additive manufacturing. 

S.No. Sample code Stage Ball diameter 

(mm) 

Milling time 

per stage (h) 

Total Milling 

time (h) 

1. 1S-6H 1
st
 Ø 25 6 (2-2-2) 6 

2. 2S-12H 2
nd

 Ø 12.5 6 (2-2-2) 12 

3. 3S-18H 3
rd

 Ø 6.25 6 (2-2-2) 18 

 

3.4. CHARACTERIZATION OF BALL-MILLED POWDER 

 

PSD was obtained by sieving and weighing the powder after every 2h of BM. The 

particles were separated as per different mesh sizes of sieve viz. #300, #200, #106, #80, 

#60, #44, #30, #22, and #16 corresponds to the pore size of 53, 75, 106, 150, 250, 400, 

500, 710, and 1000 µm respectively. The powder in the range of 53-150 µm was 

considered for morphology inspection by scanning electron microscope (SEM) (model: 

JEOL6610LV) equipped with energy-dispersive X-ray spectroscopy (EDS) as shown in 

Fig. 3.5. After every stage, the powder was taken and mounted in epoxy for further 

characterization. The same was polished using a standard metallographic procedure. The 

hardness of the powder particles was measured using Vickers microhardness tester (Fig. 

3.5) (model: Wilson 402MVD, US) at 100 gf load for 10 seconds.                      

 

Oxygen pickup was measured by EDS analysis after every stage. For both the 

hardness and oxygen pickup measurements, an average of three readings was taken to 

eliminate any inconsistency. The flowability of the bulk powder was examined using the 

angle of repose (α) measurement as per ASTM B964-16 (standard test technique for 
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metal powder flow rate using the Carney funnel). Spreadability was analysed using the 

method proposed in the study by [154]. 

 

Fig. 3.5 (a) setup for microhardness and (b) scanning electron microscope. 

 

3.5. UTILIZATION OF PRODUCED POWDER IN DMLS 

 

The powder obtained after BM was used to fabricate single tracks (one layer of powder 

melted by laser beam) using the DMLS system (model: EOSINT M280). 3S-18H powder 

was used to generate single tracks as per the parametric design shown in Table 3.2. 

These are pre-optimized commercially used parameters for the Ti64 alloy for a particle 

size ranges from 50 - 150 µm having spherical morphology [178]. The constant 

parameters include a laser spot size of 80 µm and a layer thickness of 100 -140 µm. 

 

Table 3.2 Parametric design for the utilization of prepared powder by direct metal laser 

sintering. 

S. No. Powder code 
Laser power, LP 

(W) 
Scanning speed, SS (mm/s) 

1 3S-18H 250 1000 

2 3S-18H 250 1300 

3 3S-18H 310 1300 

4 3S-18H 310 1000 
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3.6. EVALUATION OF SINGLE TRACKS FABRICATED BY DMLS 

 

The powder in the range of 53 -100 µm was used for the fabrication of single tracks. The 

powder layer having a thickness of 100 -140 µm was spread manually on the Ti64 base 

plate. The laser then scanned a length of 1 cm to obtain single tracks as shown in Fig. 

3.6. The single tracks were characterised in terms of continuity, track width, porosity, 

and defects using SEM. Also, the hardness of the single tracks was measured using 

nanoindenter (model: Hyistron TI 950) with a 5 mN load by taking an average of three 

readings as the final value. 

 

 

Fig. 3.6 Steps to generate single tracks of the prepared powder using a laser in direct 

metal laser sintering, schematic (a) and actual process (b).  
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CHAPTER 4 

4. CONVERSION OF Ti64 SWARF TO POWDER 
 

4.1. ANALYSIS OF Ti64 SWARF 

 

To ascertain the quality of the received Ti64 swarf, characterization of the raw material 

was carried out. The morphology and composition of the freshly procured swarf is 

shown in Fig. 4.1. It can be seen from SEM micrograph that the chip size varies from 10 

-1000 µm. The morphology of the chips is almost irregular, with a large percentage of 

long and thin chips. The variation in chip size and morphology is due to the different 

cutting cycles with the hacksaw blade. Initially, the blade erodes the Ti64 billet resulting 

in thin and small chips. Once the blade is fully inside the billet, long and big chips are 

generated. EDS mapping of Ti64 swarf reveals presence of small percentage of iron (Fe) 

impurity owing to wear of hacksaw blade. PSD result of swarf is shown in Fig. 4.4. It 

can be seen that the majority of the chip particles have a size in the range of 250 -475 

µm. 

 

 

Fig. 4.1 Result of scanning electron microscopy and energy-dispersive X-ray 

spectroscopy analyses representing morphology and composition of Ti6Al4V swarf 

respectively. 
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4.2. CLEANING OF TI64 SWARF 

 

Fig. 4.2 shows the elemental composition of the swarf after every cleaning stage. It can 

be observed that stage 1 cleaning leads to the removal of lubricant oil which was shown 

by a decreased value of carbon content (2.77 wt %). Also, a 0.18 wt % reduction in the 

share of Si is also observed. This is due to the soluble nature of Si and lubricant oil in 

detergent water and hence their removal. Stage 2 leads to the further removal of Si (0.78 

wt %). Magnetic separation in the stage 3 leads to the removal of iron content from 1.93 

to 0.06 wt %. Also, wt % of 85.55, 4.32, and 2.98 for Ti, Al, and V is achieved 

respectively. 

 

Fig. 4.2 Elemental composition of Ti6Al4V swarf after various cleaning stages. 

 

The effect of no. of cleaning cycles on the final elemental composition was also 

evaluated and the results are shown in Fig. 4.3. No significant change is observed (85.55 

to 85.91 of Ti). Thus, it can be said that only one cleaning cycle is enough for the 

removal of most of the impurities. The morphology and PSD of Ti64 cleaned swarf is 

shown in Fig. 4.4. 
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Fig. 4.3 Elemental composition of Ti6Al4V swarf after number of cleaning cycles. 

 

Fig. 4.4 Particle size distribution of cleaned Ti6Al4V swarf. 
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4.3. CHARACTERIZATION OF BALL-MILLED POWDER 

4.3.1. Particle size and morphology 

 

Fig. 4.5 shows the effect of BM time on the size of particles. It can be seen from the PSD 

graphs that the particle size gets substantially modified with Ø 25 balls followed by Ø 

12.5 balls and Ø 6.25 balls.  

 

 

Fig. 4.5 Particle size distribution graphs showing the effect of ball milling time and ball 

diameter on the particle size. 

 

This reduction in particle size is due to the high impact produced by balls 

dropping from near the top of the shell during rotation [215]. The impacts from large-

sized balls induce micro-cracks. These micro-cracks become a site of crack propagation 

leading to the fracture of the particle with further milling (point 4 in Fig. 4.6). A 

schematic of the impact and abrasion phenomenon dominating morphological changes in 
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the BM process is shown in Fig. 4.6. The irregular morphology of the particles at the 

beginning is converted to angular and sharp-edged particles after stage 1 of BM. Further 

BM with Ø 12.5 balls does not reduce the size of particles very significantly but 

increased the percentage of powder size of lower values due to the alteration in their 

morphology. The morphology after stage 2 becomes slightly round from angular and 

sharp-edged as can be seen from Fig. 4.7.  Abrasion phenomenon associated with Ø 12.5 

balls may become a reason for the change in morphology of particles. Herein the balls 

revolve and rub hard against the wall along with the powder in between and hence 

modify the morphology (points 1, 2, and 3 in Fig. 4.6). 

It can be observed from PSD graphs (Fig. 4.5) that for 3S-18H powder, the 

output is ~60% for particle size ranged between 53 -150 µm (size range for commercial 

GA powder used in DMLS). For the same powder range, however,  the yield in GA is 

~70% [216], but there are other issues related to cost and environmental impacts 

associated with the GA that makes the process unsustainable (further explained in 

section 4). Particles having a size >150 µm (~8 %) can further be milled to bring their 

size down to the desired range. On the contrary, the powder <50 µm (~13 %) can be 

employed in other applications such as cold spray based AM where a smaller size (< 38 

µm) is required [217]. 

 

Fig. 4.6 Impact and abrasion action during ball milling of Ti6Al4V swarf. 
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Fig. 4.7 Modifications in the morphology of powder particles after different ball milling 

intervals. 

4.3.2. Hardness and XRD analysis 

 

Fig. 4.8 shows the variation of Ti64 powder hardness with milling time. Raw swarf of 

Ti64 (represented by 0 on the abscissa in Fig. 4.8) was found to have a hardness of 

390±4 HV. It can be seen that the hardness value increases linearly with an increase in 

milling time up to 440±2 HV. This increase in hardness is attributed to the enhanced 

dislocation density and reduced grain size by work hardening due to the constant 

hammering action on trapped particles between balls and BM cylinder [218]. Constant 

hammering leads to grain refinement as per the Hall–Petch relationship, which states that 

grain refinement is also a significant strengthening mechanism [219].  

After a saturation state (~440 HV), no further strain gets developed in the 

particles due to the increase in resistance to plastic deformation. The particles at this 

stage cease to deform plastically and hence the hardness curve gets flattens with a 

change in morphology to near-spherical. Beyond the expected strain hardening due to 

BM, the oxygen pickup by Ti64 also has an effect on increased hardness value [220]. Ti 

(commercially pure) has a high affinity towards oxygen, but its alloy Ti64 picks up 

comparatively less oxygen during mechanical deformation [221]. An increased oxygen 
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content (from 0.5±0.09 (wt %) to 1.1±0.08 (wt %) till last stage) with milling time can be 

seen in Fig. 4.8. A steep curve can be observed after 12 h because after this stage, 

particle size cannot be reduced further except the modification in morphology which 

exposes a high surface area [222].  

 

Fig. 4.8 Variation of hardness and oxygen pickup of ball-milled powder with milling 

time (*hardness [223], *oxygen pickup [224]). 

 

Fig. 4.9 shows the X-ray diffraction (XRD) patterns of raw swarf, final BM 

powder (3S-18H), and GA powder for comparison purposes. The XRD pattern of 3S-

18H powder does not reveal any extra peak for Fe due to the removal of Fe impurity 

during the cleaning stage. For the same powder, after the BM for 18 h, the intensity of 

the peaks reduced as compared to the GA powder. This loss in intensity is due to the 

refining of coherent scattering regions and internal strain accumulation [219].  
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Fig. 4.9 X-ray diffraction patterns of Ti6Al4V raw swarf, ball-milled powder (3S-18H), 

and commercially available gas atomized powder. 

 

4.3.3. Powder flowability and spreadability 

 

The measurement of α gives a general idea about the cohesiveness between powder 

particles and thus the flowability. Values fewer than 30º suggest lower cohesiveness or 

high flowability. Higher values up to 55º suggest an increase in cohesiveness or a 

decrease in flowability. Over 55º, the cohesiveness is so large that it makes powder 

difficult to flow properly [225]. It can be seen from Fig. 4.10 that the value of α for 3S-

18H powder is closer to that of GA powder. This is due to the near-spherical morphology 

of the 3S-18H powder particles that enhances its flowability. The particle with such 

morphology does not resist flow due to the presence of very little friction between them 

at the microscopic level. This reduction in friction is due to the absence of surface 

asperities [156]. Low flowability of the 1S-6H and 2S-12H particles is because of 

angular sharp-edged morphology of particles as they oppose each other’s motion during 

the flow (Fig. 4.7). 
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Fig. 4.10 Flowability results of ball-milled powders using Carney funnel (*GA [67]). 

 

Spreadability deals with the flow of powder in the narrow clearances with a very 

small shearing zone [154]. The powder is usually spread on the base plate using either 

roller or blade with very small gaps in the range of 50-150 µm depending upon the 

system. In the present case, due to the large size range of particles as compared to GA 

powder, the layer thickness varies with particle size and morphology. Patchy coverage of 

the powder affects the particle bonding during the melting and hence affects the part 

quality [226]. Fig. 4.11 shows the spreadability analysis of the different powders 

produced using BM. It can be observed from the analysis that 3S-18H powder shows 

better spreadability in terms of the homogeneous spread of layer without patchy 

coverage. This is due to the near-spherical and more homogeneous morphology than 2S-

12H followed by 1S-6H. The spread is inconsistent and patchy for 1S-6H due to the 

presence of sharp-edged particles (point 1 in Fig. 4.11). Moreover, the layer height is not 

the same throughout (points 2 and 3 in Fig. 4.11) because in 3S-18H powder, the share 

of smaller particles i.e., 0-106 µm is large as compared to 1S-6H. Thus, due to this, the 

particle accumulates in two layers (one over another). On the other hand, for 1S-6H, a 

high share of larger particles hinders the formation of the double layer. 
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Fig. 4.11 Spreadability analysis of powder obtained after different stages of ball milling. 

 

4.4. EVALUATION OF FABRICATED SINGLE TRACKS 

4.4.1. Effects of laser parameters 

 

It can be observed from Fig. 4.11 that the spread of 3S-18H powder is homogeneous due 

to the near-spherical morphology and can generate a single layer in the DMLS system, in 

which only one layer per scan is melted. Thus, based on the morphological, mechanical, 

and spreadability analyses, the only 3S-18H powder is considered suitable for further 

processing with the DMLS system. The results of the parametric investigation of the 

single tracks are shown in Fig. 4.12. It can be seen from Fig. 4.12 that both the 

parameters viz., laser power (LP), and scanning speed (SS) are crucial to study the 

melting behaviour of metal powder using lasers.  

It is evident from trials no. 1 and 2 that at high SS, the powder does not melt 

properly due to the insufficient laser exposure time. With a high SS, a huge fluctuation in 

melt pool length leads to improper melting. The effect of LP can be observed by 

comparing trials no. 1 and 4. The increased width of the single track can be seen with a 

high LP due to the large melt pool. This effect is attributed to more melting at the same 

SS. Due to the formation of keyholes in the melt pool caused by the non-spherical 

morphology of the powder, the melt pool becomes unstable that prevents the good 

development of single tracks [227]. However, on comparing, an overall uniformity in the 

single track can be observed in the trial no. 4. Thus, process parameters in the trial no. 4 

become suitable for 3S-18H powder while processing using DMLS. 
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Fig. 4.12 Utilization of ball-milled powder (3S-18H) to fabricate single tracks by direct 

metal laser sintering. 

 

4.4.2. Porosity and defects 

 

Porosity and defect information of the single tracks shows that along the length of the 

single track, the powder is not melted properly leading to a disturbed melt pool and 

hence non-uniform build (Fig. 4.12). Also, transverse cracks are identified along the 

length of single tracks (Fig. 4.13, fabricated at SS of 1000 mm/s and an LP of 310 W, 

pre-optimised parameters for spherical GA powder in the same size range). This is due to 

the formation of a complex stress field by uneven heating and cooling process caused by 

the non-spherical 3S-18H powder in the DMLS process [228]. Thus, as also suggested 

by [229], inadequate melting along the length and transverse cracks can be prevented by 

preheating the base plate (to avoid the sudden temperature variation during melting) and 

optimizing the total energy density required to melt 3S-18H powder.   
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Fig. 4.13 Porosity and defects information in single tracks fabricated by direct metal 

laser sintering (red dotted lines shows single tracks width made using GA powder at 

same parameters [178]). 

 

4.4.3. Track width 

 

Fig. 4.14 shows a comparative analysis of single tracks based on their physical and 

mechanical properties fabricated with 3S-18H and GA powder. For 3S-18H powder, It 

can be observed that with an increase in SS (trial 1 and 2), the track width decreases (~ 4 

%) but with an increase in LP (trial 2 and 3), track width increases (~ 10 %). At the same 

parameters, on the other hand with GA powder, a similar trend can be observed but with 

a 5-25 % difference in track width in comparison to the experimental values. Conversely, 

the overall hardness of single track build with 3S-18H powder is better (~ 4-7 %) as 

compared to the same generated with GA powder at the same parameters. But there is no 

particular trend in hardness values in different trials that suggests its dependency on the 

used parameters during DMLS. 
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Fig. 4.14 Track width and hardness results varying laser parameters for 3S-18H powder 

(*track width and hardness data of single tracks generated using gas atomized powder at 

same parameters [178]). 
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CHAPTER 5 

5. SUSTAINABILITY ANALYSIS 
 

5.1. COMPARATIVE LIFE CYCLE ASSESSMENT 

 

Sustainability analysis is an important strategy that defines the success factor of a 

process by comprehending its impact on the environment and cost to the industry [230]. 

For the current study, LCA is used as the tool to measure the environmental impact. The 

associated cost of the process is also presented to provide an in-depth comparison with 

the GA process. 

 

5.1.1. Goal and scope  

 

The goal of the present LCA study is to understand and compare the environmental 

impact of the proposed powder production framework with its conventional counterpart, 

GA. The scope of the study is limited to the production of powder via these two different 

routes. There are general assumptions made for the present LCA study such as: 

1.  Both the processes were considered to be in continuous operation i.e. neglecting the 

initial material and energy wastage.  

2. Electricity used for both processes was produced from black coal [231].  

3. The GWP and eco-cost of Ti64 swarf were taken as zero because it is a by-product 

generated during the preparation of Ti64 billets.  

4. Both the processes were considered to be operated at the optimised set of parameters 

for the chosen raw material.  

5. The study does not include the transportation share of raw and produced materials.  

6. It also does not include the establishment cost of equipment and systems. 

 

5.1.2. Functional unit and system boundary 

 

The functional unit for the present study was defined as the total powder produced from 

0.1 Kg total weight of raw material (Ti64) [232]. This small amount of raw material was 

chosen due to the capability of designed BM equipment used in the present study that 

processes a small amount of powder in a single batch. For both the processes, the system 
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boundaries were defined as per the cradle-to-gate variant of LCA and the same is shown 

in Fig. 5.1. The rationale for choosing the cradle-to-gate variant is due to the nature of 

the assessment, which is a partial product life cycle from the resource extraction (cradle) 

to the factory gate, just before it is transported to the consumers (gate). 

 

Fig. 5.1 System boundaries for gas atomization and proposed process. 

 

5.1.3. Life cycle inventory analysis  

 

For the inventory analysis, the primary data (BM, heat treatment, and cleaning) was 

collected using real-time observation during the powder production. Also, the secondary 

data (mostly the energy sources for GA sub-processes) was taken from reports, data 

product catalogs, and existing literature in journals and reference books. The inventory 

data for both processes is shown in Table 5.1. 
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Table 5.1 Inventory data used in comparative life cycle assessment study. 

Gas atomization process 

S.No. Energy/material Unit Quantity Ref. 

1 Ti64 billet Kg 0.1 Kept fixed 

2 Electrical energy for Ti64 

melting (primary and 

secondary) 

MJ/0.1 Kg Ti64 

billet 

(11.4+6.2) 

= 20.60 

[233] 

3 Electrical energy for other 

processes 

MJ/0.1 Kg Ti64 

billet 

4.31 [234] 

4 Compressed air (>10 bar) Nm
3
/0.1 Kg Ti64 

billet 

5.3*2 = 

10.62 

[235] [236] 

5 Inert gas (argon) Nm
3
/0.1 Kg Ti64 

billet 

2.10 [233] 

Proposed method 

1 Ti64 swarf Kg 0.1 Kept fixed 

2 Electrical energy for BM of Ti 

alloys (size reduction from 400 

to 10 µm) 

MJ/0.1 Kg Ti64 

swarf 

7.22 Calculated 

and adjusted  

with [237] 

3 Electrical energy for other 

processes 

MJ/0.1 Kg Ti64 

swarf 

2.98 Calculated  

4 Acetone l/0.1 Kg Ti64 

swarf 

0.2 Calculated 

5 Detergent (liquid) l/0.1 Kg Ti64 

swarf 

0.005 Calculated 

6 Water for cleaning l/0.1 Kg Ti64 

swarf 

0.5 Calculated 

 

5.1.4. Life cycle impact assessment  

 

The final and last stage of LCA is life cycle impact assessment. Environmental impact 

was assessed using GWP and associated eco-cost. GWP was quantified by measuring the 

total amount of CO2 equivalents emitted into the atmosphere. Eco-cost gives the 

preventive cost of the aggregate effects of human toxicity, eco-toxicity, and resource 
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depletion [238]. The respective data for CO2 equivalents and eco-cost was accessed from 

the open-source database Idemat by [234] and is shown in Table 5.2. 

 

Table 5.2 Environmental impact assessment (data taken from open-source database 

Idemat [234]). 

S.No. Energy/material GWP (Kg CO2 

equivalent) 

Eco-cost (external cost includes the 

preventive cost of human toxicity, 

resource depletion, and eco-toxicity) 

1 Ti64 billet 4.46/Kg 84.30 INR/Kg 

2 Indian electricity mix 0.93 kg/kWh 214.80 INR/100MJ 

3 Compressed air 0.176 Kg/Kg 3.30 INR/Kg 

4 Inert gas (argon)  0.18 Kg/Kg 3.98 INR/Kg 

5 Acetone 1.40 Kg/l 17.82 INR/l 

6 Detergent 10.1 Kg/l 103.01 INR/l 

 

5.1.5. Results of life cycle assessment 

 

The results for the endpoint assessment are shown in Fig. 5.2. It can be observed from 

the figure that for 0.1 Kg raw material, GER (Gross Energy Requirement) for the GA 

process is 59% more as compared to the proposed process. This huge difference in GER 

is primarily due to the energy-intensive melting stage (20.60 MJ/ 0.1 Kg Ti64) in the GA 

process. Metallurgical smoke generated during this stage contains minute particles of 

metal powders and toxic substances (NO2, silica, magnesia, calcium oxide, and alkali 

oxides) which are highly dangerous for living beings and its continuous exposure can 

cause severe health issues in a long run [239]. Besides, the atomization bay also 

consumes a significant amount of energy (3.2 MJ/0.1 Kg Ti64) in the form of electricity. 

These stages are thus a major contributor to the GWP and total eco-cost associated with 

the GA process. In another LCA study on metal powders, the GWP due to energy 

consumption was found to be substantially higher than any of the other associated sub-

process [240]. A high-pressure jet of extremely pure inert gases like argon and helium is 

used to atomize the melted metal in the GA process [73]. A high value of associated 

GWP (0.176 Kg/Kg) and eco-cost (3.98 INR/Kg) proved its deteriorating impact on the 
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environment. Prolonged work in an environment having a high concentration of such 

gases is not safe for onsite workers [241]. However, the leftover grey-acetone in the 

proposed process is not a hazardous air pollutant, and it is broken down by 

microorganisms in soil and water (eco-cost: 17.82 INR/l). But, the phosphates in 

detergents can cause freshwater algal blooms, which emit toxins and reduce oxygen 

levels in waterways thus, leads to its high associated eco-cost (103.01 INR/l) [242]. 

Thus, the consumption of these consumables should be minimized and some better 

alternatives can be explored.  

 

Fig. 5.2 Life cycle assessment results for Ti6Al4V powder produced from gas 

atomization and the proposed method. 

 

5.2. ASSOCIATED COST 

 

Large scale and continuous operation of the GA process is very difficult to maintain due 

to the high expenditure of consumables, thus the total cost of the process is increased by 

the yield loss factor [74]. As the yields can vary from 20-90 % depending upon the scale 

of operation, issues such as tundish skull losses and dust losses to filters further reduce 

the overall yield. This leads to the high cost (25-45 k INR for Ti64) of commercial 

powder feedstock for AM, which is not economical for the manufacturing of products on 
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a large scale [243]. The total equipment cost of the GA process (1000-2000 k INR) is 

very high due to the presence of complex sub-systems like atomization bay and the 

availability of highly controlled environment chambers [244]. Highly skilled labour is 

vital to run and monitor the sophisticated GA system.  

Contrarily, in the proposed process, the cost of the final powder can further be 

reduced by shifting the processing mode from batch to continuous due to the non-

utilization of expensive consumables (Fig. 5.3). The yield of the proposed process is 

directly dependent on the size of the BM apparatus i.e., for a fixed time interval, the 

output can be regulated by varying the cylinder diameter. Raw material in the form of 

swarf (pre-sorted in the industry) comes at a very cheap price contrary to high purity 

billets used in GA. Also, the absence of the melting stage which changes the physical 

state of the raw material (solid to liquid), and the absence of consumables like inert gases 

contribute to the sustainability based on the total GWP and associated eco-cost. Plant 

safety is high in the case of the proposed method due to the harmless action of the BM 

process. More technical and scientific interventions in the proposed process will further 

reduce the environmental footprint of the known hotspots. 

 

Fig. 5.3 Associated cost and time for both gas atomization and proposed process.
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CHAPTER 6 

6. CONCLUSIONS AND FUTURE SCOPE 
 

6.1. CONCLUSIONS 

This study examines the clean conversion of Ti64 cutting swarf to powder feedstock for 

AM. Such powder is important to investigate various factors before being qualified as a 

feedstock. Based on such investigations, the following conclusions are made: 

 

1. Particle size reduces largely with Ø 25 balls (~ 40%) followed by Ø 12.5 balls (~ 

12%) and Ø 6.25 balls (~ 5%) due to impact force by balls of bigger diameter. 

Morphology modifies largely with Ø 6.25 balls due to the abrasion phenomenon. 

2. The hardness value of powder increases linearly with an increase in milling time up 

to 430 HV. This increase in hardness is attributed to the work hardening and oxygen 

pickup by Ti64 powder. 

3. The value of α for 3S-18H powder is closer to that of GA powder due to the 

enhanced flowability of the particles with near-spherical morphology. It also shows 

better spreadability due to the more homogeneous morphology as compared to 2S-

12H and 1S-6H powder.  

4. Comparative suitable parameters for melting of 3S-18H powder are a scanning speed 

of 1000 mm/s and laser power of 310 W. Inadequate melting and transverse cracks 

along the length of single tracks are also observed. 

5. In DMLS, with an increase in SS, the width of single tracks decreases (~ 4 %), and 

with an increase in LP, it increases (~ 10 %). The overall hardness of single track 

builds with 3S-18H powder is better (~ 4-7 %) as compared to the same generated 

with GA powder at the same parameters. 

6. The proposed method consumes less energy (~ 59 %), has low eco-cost (~ 82 %), 

and has less GWP (~ 68 %) as compared to the GA and thus, has the potential to 

produce powders with regulated characteristics from Ti64 swarf. 
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6.2. FUTURE SCOPE 

 

Metal waste is a type of waste that can be recycled based on the type of material and 

impurity involved. In the present study, a framework has been proposed for the clean 

conversion of Ti64 swarf into powder using multi-stage ball milling without the energy-

intensive HDH process. The developed framework has been shown advantageous as 

compared to other recycling techniques on environmental impact, cost, and quality basis. 

Despite the constructive and favourable results, the use of such feedstock powder in the 

actual industrious environment has not been observed on a large scale. 

Thus, the present study has raised a gap related to the industrial use of this 

recycled powder feedstock. The research gap found in this study is the cost generation 

model for recycled metal powders, health hazards, availability of standards, and 

government policies for its use. Thus, the future study will attempt to bridge the gap 

between industry and academia by identifying the non-technical barriers to the use of 

recycled powders of Ti64. 
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