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A B S T R A C T   

This paper addresses the imperative need to develop sustainable recycle technologies for high value machining 
swarf generated during the processing of Ti6Al4V alloy. A novel recycling process based on multi-stage ball 
milling is proposed. The process converts Ti6Al4V swarf into a powder feedstock suitable for additive 
manufacturing (AM). The powders produced from the cleaned swarf using an in-house designed and fabricated 
tumbler ball mill were characterised in terms of their morphology, particle size, flowability and spreadability. It 
was found that the dominant effect of milling with Ø 25 mm balls was particle size reduction (up to ~ 40%) and 
the primary effect with smaller balls of Ø 6.25 mm was modification of particle morphology from irregular to 
rounded shape; thus, necessitating adoption of a multi-stage milling approach to achieve required size and 
morphology. Ti6Al4V powder having particle size in the range of 40–200 μm and near-spherical morphology was 
obtained after multi-stage ball milling up to 18 h. The powder characteristics were comparable or superior to the 
powder produced by generally used gas atomization (GA) process. The suitability of the powders for AM was 
established through direct metal laser sintering (DMLS). The proper melting of the optimally prepared powder 
occurs at 1000 mm/s scanning speed and 310 W of laser power. The developed multi-stage ball milling process 
was assessed vis-à-vis gas atomization using life cycle assessment (LCA). LCA revealed that the proposed ball 
milling method consumed lower energy (~59%), had lower eco-cost (~82%), and lesser global warming po-
tential (GWP) (~68%).   

1. Introduction 

The United Nations Development Programme (UNDP) listed 
responsible consumption and production as the 12th sustainable 
development goal that was later adopted by the United Nations orga-
nisation member states in 2015 (Bexell and Jönsson, 2017). 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 
(Doaemo et al., 2021). Encouraging industries, businesses, and con-
sumers to recycle and reduce waste by supporting countries is equally 
important to move towards more sustainable consumption patterns 
(Wiedmann et al., 2015). In this context, it is pertinent to note that large 

quantities of high value waste originates from titanium (Ti) processing 
industries (Dutta and Froes, 2015). Typically, Ti alloys find wide spread 
uses in applications ranging from avionics to biomedical owing to their 
exceptional properties such as high corrosion resistance, impact 
toughness, formability, weldability, and biocompatibility (Dhiman 
et al., 2019). The extraction of primary titanium is carried out by 
magnesiothermic reduction of TiCl4 (Kroll process) which involves 
complex processing steps and, thus, results in high energy consumption 
and production costs (Zhang et al., 2020). Moreover, machining of Ti 
alloys is comparatively difficult and it generates considerable amount of 
waste in the form of swarf, turnings, hard waste, and agglomerated 
powder waste (Singh et al., 2020) (Fig. 1). It is estimated that 55% of the 
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total Ti alloy input material gets converted into machining waste (na-
tional data of US) (Goonan, 2004). Recycling of these metallic wastes is 
an important step towards resource conservation and, environmentally 
and economically sound proposition (vis-à-vis primary titanium pro-
duction) provided technologically sound process(s) are available. 

Conventionally, the swarf (size <1000 μm) is recycled by going 
through various processes: crushing, centrifuge (oil recovery), thermal 
degreasing, melting in furnaces, and casting into ingots (Goonan, 2004). 
The melting step involved in recycling has many limitations. These 
include: the use of water-cooled copper crucibles, energy-intensive 
vacuum arc melting furnaces, the requirements of vacuum and inert 
environment (Bomberger and Froes, 1984). Also, to achieve homoge-
neity in the recycled material, this process can only melt a small volume 
of the swarf. It has been reported that metal recycling via such routes 
consumes >6000 L of water per metric ton of output (Martchek, 2000). 
On melting, the swarf emits metallurgical smoke due to oxidation of 
impurities (Cirtina et al., 2016). The smoke has a high value of global 
warming potential (GWP) and harmful to the environment. All these 
issues collectively contribute to a permanent metal loss (15–25%) which 
leads to the unsustainability of the entire process (Rotmann et al., 2011). 
To overcome the shortcomings of conventional recycling, press-based 
recycling methods such as cold pressing (HU et al., 2012), equal chan-
nel angular pressing (Luo et al., 2012), hot extrusion (Tekkaya et al., 
2009), and spark plasma sintering (Paraskevas et al., 2014) have been 

explored recently. Since no melting is involved, these methods require 
less energy input (Mahmood et al., 2012). However, these processes 
involving solid-state processing are reported to suffer from the problems 
of inferior mechanical characteristics and poor surface topography of 
the fabricated parts (Misiolek et al., 2012). 

In recent times, alternate routes of recycling Ti6Al4V swarf (e.g. 
hydrogenation-dehydrogenation (HDH), ball milling route, etc) are 
explored to produce powders. Gökelma et al. (2018) characterized the 
powder produced from Ti6Al4V swarf using 
hydrogenation-dehydrogenation (HDH) process and further used it as 
feedstock in cold spray technology. Likewise, Umeda et al. (2017) 
recycled the coarse Ti6Al4V machining chips into fine powder using ball 
milling (BM) for powder metallurgy (PM) applications. The majority of 
the researchers explored the two-step recycling method - HDH process 
followed by BM to convert Ti6Al4V machining chips into powder. But 
the initial step, i.e., the HDH process itself is energy-intensive. It is hard 
to maintain specific temperature and pressure conditions during the 
process; also, utilization of hydrogen in a controlled environment is a 
challenge (Hamayun et al., 2019). Furthermore, the shape of the parti-
cles produced using HDH process is highly angular which are unsuitable 
for metal AM. 

The metal powder feedstock for metal AM is generally produced 
using the gas atomization (GA) technique (Fedina et al., 2020). In this 
process, the metal is made to melt at high temperatures using vacuum 

Fig. 1. Ti6Al4V life cycle shows various plausible recycling routes (data from (Goonan, 2004):).  
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induction furnaces and atomized by a high-pressure (0.5–4 MPa) jet of 
an inert gas, such as argon and nitrogen (Abu-Lebdeh et al., 2016). The 
price of consumables, namely, liquid nitrogen used to cool the melted 
powder, high purity raw material and electricity are very high in this 
process (Lagutkin et al., 2004). The raw material used in the GA process 
is freshly procured high purity billets of the concerned material (Tsirlis 
and Michailidis, 2020). This entire process is energy-intensive and only 
feasible for mass production (Dunkley, 2013). Besides, the production of 
harmful metallurgical smoke during the melting of metal is not suitable 
for the onsite workers and the environment. Thus, the GA process is not 
economical and environment friendly (Dunkley, 2013) and in turn, there 
is a requirement to develop a clean powder production technique. 

High energy ball milling (BM) is a process used to grind coarse 
powders into a fine homogeneous mixture of metals, alloys, or com-
posites (Sopicka-lizer, 2010). It comprises of a rotating vial containing 
metal/ceramic balls along with a coarse mixture of raw material. The 
rotation of the vial makes balls interact with powder, and by abrasion 
and impact phenomenon, the morphology and size of the particle 
changes (Suryanarayana, 2001). (Baláž, 2021) and (Dhiman et al., 
2021) have comprehensively reviewed the use of ball milling in the 
recycling of metallic wastes. Ball milling is explored for the machining 
chips of aluminium alloys (Canakci and Varol, 2015; Fuziana et al., 
2014; Rosso et al., 2013), copper alloys (Afshari and Ghambari, 2016; 
Prem et al., 2015), stainless steel (de Sales Pereira Mendonça et al., 
2018; Enayati et al., 2007; Mendonça et al., 2018), and titanium alloys 
(Mahboubi Soufiani et al., 2010)). In recent papers (Fullenwider et al., 
2019a) and (Fullenwider et al., 2019b), impact of ball size has been 
explored in the recycling of stainless steel chips and powders of required 
characteristics were produced. Similarly (Abdollahi et al., 2013), pro-
duced grey cast iron powder from grey cast iron scraps using 
high-energy milling process. 

Literature on the recycling of titanium alloy wastes by ball milling is 

scanty. The key objective of this study is to bridge this gap and develop a 
clean process to convert Ti6Al4V swarf into powder feedstock by BM 
without using the hydrogenation-dehydrogenation (HDH) step. The 
swarf generated during the hacksaw-driven cutting of Ti6Al4V billets 
which contains worn out blade material and coolant as impurities is 
used. The novel feature of the process is to use multi-stage ball milling 
where the milling energy is varied by changing ball size (Kwade, 1999). 
The produced powders are characterised in terms of morphology, par-
ticle size, flowability and spreadability. The suitability of the powders 
for intended application in AM is established through direct metal laser 
sintering (DMLS). The life cycle analysis of the developed ball milling 
process is carried out to establish its superiority vis-à-vis 
well-established gas atomization (GA) process. 

2. Material and methods 

2.1. Preparation of Ti6Al4V swarf for ball milling 

Ti6Al4V 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. 2. First, 
the coolant impurities were removed by washing with detergent fol-
lowed by cleaning in the sonicator for 1 h. The cleaned swarf was then 
dried and sieved to eliminate very large particles (>1000 μm) and 
foreign impurities that could interfere with the final results. Magnetic 
separation was carried out to remove the steel impurity of the cutting 
blade. Post this, heat treatment (2 h at 800 ◦C) in a vacuum furnace was 
performed to thermally decompose any leftover impurity. Finally, 
before BM, cleaning was done with acetone to remove any residue left 
behind after the vacuum furnace treatment. 

Fig. 2. Steps followed in cleaning and processing the Ti6Al4V swarf.  
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2.2. Ball milling of prepared swarf 

The cleaned Ti6Al4V swarf was milled using an in-house fabricated 
tumbler ball mill driven by a CNC lathe machine (model: SANDS Pre-
cision SLT-135). The design specification of the BM is shown in Fig. 3. It 
consisted of a stainless-steel cylindrical jar with an internal diameter of 
130 mm, a wall thickness of 10 mm, and an inside volume of 12742.30 
cm3. For Ti6Al4V alloy, the ball diameters were selected from a study by 
(Mahboubi Soufiani et al., 2010). Milling balls of stainless steel having a 
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, which cor-
responds to 80% of critical speed for the tumbler ball mill calculated 

using the formula, C = 60
2π

̅̅̅̅̅̅̅̅̅
g

(R− r)

√
(where g (9.8 m s− 2) is the acceleration 

due to gravity, R is the radius of BM cylinder (in m), and r is the radius of 
the respective ball (in m). Three BM conditions, referred to as 1S–6H 
(Stage-I), 2S–12H (Stage-II), and 3S–18H (Stage-III) (Table 1), were 
studied to investigate the effect of multi-stage BM on the size reduction 
and morphology modification of Ti6Al4V swarf. The duration of each 
milling stage was 6 h. The mill was paused for 30 min after every 2 h of 
continuous rotation to avoid overheating the media and the associated 
system. As indicated in Table 1, the milling conditions from Stage-I to 

Stage-II signify decreasing stress intensity (SI) (kinetic energy of media) 
and increasing stress number (SN) (probability of collision or contact 
area) (Kwade, 1999). Milling energy (E = SI x SN) from Stage-I to 
Stage-III changes in the ratio 1: 0.9: 0.6. The process starts with the BM 
of a fixed amount of cleaned swarf. After every milling stage, the powder 
(generated from the swarf) was sieved for 10 min to obtain the particle 
size distribution (PSD) and change in morphology. This process 
continued until the final stage of BM. 

2.3. Characterization of ball-milled powder 

PSD was obtained by sieving and weighing the powder after every 2 
h of BM. The particles were separated using sieves of different mesh 
(sieve opening in μm): #300(53), #200(75), #106(106), #80(150), #60 
(250), #44(400), #30(500), #22(710), and #16(1000). The powder in 
the range of 53–150 μm was considered for the examination of 
morphology by scanning electron microscope (SEM) (model: 
JEOL6610LV) equipped with energy-dispersive X-ray spectroscopy 
(EDS). After every stage, the powder was taken and mounted in epoxy 
for further characterization. It was then polished using a standard 
metallographic procedure. The hardness of the powder particles was 
measured using Vickers microhardness tester (model: Wilson 402MVD, 
US) at 100 gf load for 10 s. Oxygen pickup was measured by EDS analysis 
after every stage. For the hardness and oxygen pickup measurements, an 
average of three readings was taken to eliminate any inconsistency. The 

Fig. 3. Specifications of In-house designed and fabricated tumbler ball milling apparatus.  

Table 1 
Ball milling parameters employed for the conversion of Ti6Al4V swarf into powder feedstock for additive manufacturing.  

S.No. Sample code Stage Ball dia. (mm) Milling time per stage (h) Total Milling time (h) Milling energy change (with respect to Ist stage) 

SI SN Em 

1. 1S–6H I Ø 25 6 (2-2-2) 6 1 1 1 
2. 2S–12H II Ø 12.5 6 (2-2-2) 12 0.12 7.6 0.9 
3. 3S–18H III Ø 6.25 6 (2-2-2) 18 0.014 44.7 0.6  
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flowability of the bulk powder was examined using the angle of repose 
(α) measurement as per ASTM B964-16 (standard test technique for 
metal powder flow rate using the Carney funnel). Spreadability was 
analysed using the method proposed in the study by (Ahmed et al., 
2020). 

2.4. 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). The 3S–18H (Stage-III) powder was used to 
generate single tracks as per the parametric design shown in Table 2. 
These are pre-optimised commercially used parameters for the Ti6Al4V 
alloy for a particle size ranges from 50 to 150 μm having spherical 
morphology (Vaglio et al., 2020). The constant parameters include a 
laser spot size of 80 μm and a layer thickness of 100–140 μm. 

2.5. 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 thickness of 100–140 μm was spread 
manually on the Ti6Al4V base plate. The laser then scanned a length of 
1 cm to obtain single tracks, as shown in Fig. 4. Using SEM, the single 
tracks were characterised in terms of continuity, track width, porosity, 
and defects. 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. 

3. Results and discussion 

3.1. Analysis of Ti6Al4V swarf 

Characterization of the as-received Ti6Al4V swarf was performed to 
ascertain its quality. The morphology and composition of the freshly 
procured swarf are shown in Fig. 5. It can be seen from the SEM 
micrograph that the chip size varies from 10 to 1000 μm. The 
morphology of the chips is irregular, with a dominant amount of long 
and thin chips. Different cutting cycles with the hacksaw blade produce 
the variation in chip size and morphology. Initially, the blade erodes the 
Ti6Al4V billet resulting in thin and small chips. Once the blade is 
entirely inside the billet, long and thick chips are generated. EDS map-
ping of Ti6Al4V swarf reveals, as expected, co-association of Ti–Al–V. 

Table 2 
Parametric design for the utilization of prepared powder by direct metal laser 
sintering (DMLS).  

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  

Fig. 4. Steps to generate single tracks of the prepared powder using a laser in direct metal laser sintering.  

Fig. 5. Result of scanning electron microscopy and energy-dispersive X-ray spectroscopy analyses representing morphology and composition of Ti6Al4V swarf, 
respectively. 
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The presence of a small percentage of iron (Fe) impurity, as isolated 
particles due to wear of hacksaw blade is indicated. Particle size dis-
tribution of swarf is shown in Fig. 6. It can be seen that the majority of 
the chip particles have a size in the range of 250–475 μm. 

3.2. Composition of swarf 

Fig. 7 shows the elemental composition of the swarf after every 
cleaning stage. It can be observed that first stage cleaning leads to the 
removal of lubricant oil, which is shown by a decreased carbon content 
value (2.77 wt %). Also, a 0.18 wt % reduction in the share of Si is 
observed due to the soluble nature of Si and lubricant oil in detergent 
water. Second stage leads to the further removal of Si (0.78 wt %). After 
magnetic separation, removal of iron content from 1.93 to 0.06 wt % is 
obtained. After final cleaning with acetone, the following composition of 
swarf (in wt. %) was as achieved: Ti - 85.3, Al - 4.4, and V - 3. 

3.3. Characterization of ball-milled powder 

3.3.1. Particle size and morphology 
Fig. 8 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 Ø25 balls followed by Ø 12.5 balls. The effect of Ø 6.25 
balls is insignificant. This trend in reduction of particle size may be 
correlated with decrease of stress intensity (SI) (kinetic energy of media 
(Kwade, 1999)) in the mill. As compared to Ø 25 balls, there is ~98% 
reduction in stress intensity when Ø 6.25 balls are used. Size reduction 
by large size ball is due to the high impact produced by balls dropping 
from near the top of the shell during rotation (Fullenwider et al., 2019b). 

Typical SEM micrographs in Fig. 9 shows modifications in the 
morphology of particles after different ball milling stage/intervals. In 

Fig. 6. Particle size distribution of cleaned Ti6Al4V swarf.  

Fig. 7. Elemental composition of Ti6Al4V swarf after every cleaning stage.  
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line with PSD results, the reduction in size with Ø 25 balls (sample 
1S–6H) is evident from the micrographs. A notable feature in the mi-
crographs is rounding of particles with a decrease in balls size; this 
feature becomes quite noticeable in the Stage-III milling (sample 
3S–18H). A plausible explanation for this can be presented in terms of 
dominating milling mechanism, impact and abrasion as shown in 
Fig. 10. With large size balls, the impacts appear to induce micro-cracks 
become sites of crack propagation (point 4 in Fig. 10). The change from 
irregular morphology to rounded particles (Stage-II and III) appears to 
be due to increasing contribution arising from abrasion and adhesion of 
particles as they become finer. Herein, the balls revolve and rub hard 
against the wall along with the particles in between and modify their 
morphology (points 1, 2, and 3 in Fig. 10). Further, the stress number 
(SN) (Table 1) (i.e., the probability of collision or contact area between 
balls and material) increases ~ 15 and 45-fold as the media size is 
reduced from Ø 25 to Ø 12.5 and Ø 6.25, respectively. Thus, the increase 
in the ball-material contact area favours abrasion and rounding of the 
particles. 

It can be observed from PSD graphs (Fig. 8) that for 3S–18H powder, 
the fraction of particles in the size range 53–150 μm is ~60% which is 
typical for commercial gas atomized (GA) powder used in DMLS. The 
size fraction is also comparable GA powder (~70%) (Malỳ et al., 2019). 
As discussed later (section on LCA analysis), the powders produced by 
multi-stage ball milling have an edge over GA powders in terms of cost 

and environmental impact associated with the production process. 
Particles having a size >150 μm (~8%) can further be milled to bring 
their size down to the desired range. In addition, 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 (Singh et al., 2019). 

3.3.2. Hardness and XRD analysis 
Fig. 11 shows the variation of Ti6Al4V powder hardness with milling 

time. Raw swarf of Ti6Al4V (represented by 0 on the abscissa in Fig. 11) 
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 (Xu et al., 2017). As per the Hall–Petch relationship, constant 
hammering leads to grain refinement, which is an effective strength-
ening mechanism (Naik and Walley, 2020). After a saturation state 
(~440 HV), no further strain gets developed in the particles due to the 
increased plastic deformation resistance. The particles at this stage cease 
to deform plastically, and thus the hardness curve gets flattened with a 
change in morphology to near-spherical. Beyond the expected strain 
hardening due to BM, the oxygen pickup by Ti6Al4V also affects the 
hardness value (Donachie, 2000). Ti (commercially pure) has a high 
affinity towards oxygen, but its alloy Ti6Al4V picks up comparatively 

Fig. 8. Particle size distribution graphs show the effect of ball milling time and ball diameter on the particle size.  
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less oxygen during mechanical deformation. An increased oxygen con-
tent (from 0.5 ± 0.09 (wt %) to 1.1 ± 0.08 (wt %) till the last stage) with 
milling time can be seen in Fig. 11. A steep curve can be observed after 
12 h because particle size cannot be reduced further except the modi-
fication in morphology which exposes a high surface area (Velasco--
Castro et al., 2019). In actual operation, the oxygen pick-up can be 
minimized by milling in an inert atmosphere or vacuum. 

Fig. 12 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 (grain size) and internal strain accumu-
lation (Naik and Walley, 2020). 

3.3.3. Powder flowability and spreadability 
The measurement of α gives an idea about the cohesiveness between 

particles and hence the flowability. Values fewer than 30◦ suggest lower 
cohesiveness or high flowability. Higher values up to 55◦ indicate an 
increase in cohesiveness or a decrease in flowability. Over 55◦, the 
cohesiveness is so significant that it makes powder difficult to flow 
properly (Carr, 1965). It can be seen from Fig. 13 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 that enhances its 

Fig. 9. Modifications in the morphology of particles after different ball milling intervals.  

Fig. 10. Impact and abrasion action during ball milling of Ti6Al4V swarf.  

Fig. 11. Variation of hardness and oxygen pickup of ball-milled powder with 
milling time (*hardness (Murr et al., 2009), *oxygen pickup (Konečná 
et al., 2019)). 
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flowability. The particles with such morphology do not resist flow due to 
very little friction between them at the microscopic level. This reduction 
in friction is due to the absence of surface asperities (Zegzulka et al., 
2018). The low flowability of the 1S–6H and 2S–12H powders is due to 
the angular, sharp-edged morphology of the particles (Fig. 9) as oppose 
to the more rounded particles in 3S–16H. 

Spreadability deals with powder flow in the narrow clearances with a 
tiny shearing zone (Ahmed et al., 2020). The powder is usually spread on 
the base plate using either roller or blade with 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 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 (Townsend et al., 2016). Fig. 14 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 fol-
lowed by 1S–6H. The spread is inconsistent and patchy for 1S–6H due to 
the presence of sharp-edged particles (point 1 in Fig. 14). Moreover, the 
layer height is not the same throughout (points 2 and 3 in Fig. 14) 
because in 3S–18H powder, the share of smaller particles i.e., <106 μm 
is large as compared to 1S–6H. Thus, due to this, the particle accumu-
lates 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. 

3.4. Evaluation of fabricated single tracks 

It can be observed from Fig. 14 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, the only 3S–18H powder was considered suitable for 
further processing with the DMLS system based on the morphological, 
mechanical, and spreadability analyses. The results of the parametric 
investigation of the single tracks are shown in Fig. 15. It can be seen 
from Fig. 15 that both the parameters viz., laser power (LP), and scan-
ning 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 did not melt appropriately due to the insufficient laser 
exposure time. With a high SS, a considerable 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 proper development of 
single tracks (Shrestha and Chou, 2018). However, on comparing, an 

Fig. 12. X-ray diffraction patterns of Ti6Al4V raw swarf, ball-milled powder 
(3S–18H), and commercially available gas atomized powder. 

Fig. 13. Flowability results of ball-milled powders using Carney funnel (*GA 
(Gökelma et al., 2018)). 

Fig. 14. Spreadability analysis of powder obtained after different stages of ball milling.  
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overall uniformity in the single track can be observed in the trial no. 4. 
Thus, process parameters in trial no. 4 become suitable for 3S–18H 
powder while processing using DMLS. 

Porosity and defect information of the single tracks shows that the 
powder is not melted properly along the length of the single track, 
leading to a disturbed melt pool and hence non-uniform build (Fig. 15). 
Also, transverse cracks were identified along the length of single tracks 
(Fig. 16, 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). Such behaviour can be justified by the material embrittlement 
due to oxygen. As only one single layer was deposited, after melting, the 
oxygen content of powder comes on surface of the printed surface in the 

form of oxide layer (Velasco-Castro et al., 2019). Also, 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 leads to these 
cracks. 

Thus, as also suggested by (Gao et al., 2019), 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. 

Fig. 17 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 

Fig. 15. Utilization of ball-milled powder (3S–18H) to fabricate single tracks by direct metal laser sintering.  

Fig. 16. Porosity and defects information in single tracks fabricated by direct metal laser sintering (red dotted lines shows single tracks width fabricated using GA 
powder at same parameters (Vaglio et al., 2020)). 
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SS (trial 1 and 2), the track width decreases (~4%) but with an increase 
in LP (trial 2 and 3), track width increases (~10%). On the other hand, at 
the same parameters, with GA powder, a similar trend can be observed 
but with a 5–25% difference in track, width compared to the experi-
mental values. Conversely, the overall hardness of single-track build 
with 3S–18H powder is better (~4–7%) than the single tracks 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. 

4. Sustainability analysis 

Sustainability analysis is an important strategy that defines the 
success factor by comprehending its impact on the environment and cost 
to the industry (Dimian et al., 2014). For the current study, LCA was 

used as the tool to measure the environmental impact. The associated 
cost of the process was also presented to provide an in-depth comparison 
with the GA process. 

4.1. Comparative LCA study 

4.1.1. Goal and scope of the study 
The goal of the present LCA study was to understand and compare 

the environmental impact of the proposed multi-stage ball milling pro-
cess with its conventional counterpart, GA. The scope of the study was 
limited to the production of powder via these two different routes. There 
are general assumptions made for the present LCA study. These include: 
(a) both the processes were considered as continuous operation, i.e., 
neglecting the initial material and energy wastage; (2) electricity used 
for both the processes was produced from black coal (Mittal, 2010); (3) 
the GWP and eco-cost of Ti6Al4V swarf were taken as zero because it is a 
by-product generated during the preparation of Ti6Al4V 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; and, (6) it also 
does not include the establishment cost of equipment and systems. 

4.1.2. 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 (Ti6Al4V) 
(Wilson et al., 2013). 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 boundaries were defined as per the cradle-to-gate 
variant of LCA and is shown in Fig. 18. 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). 

4.1.3. Life cycle inventory analysis 
The primary data (BM, heat treatment, and cleaning) was collected 

Fig. 17. Track width and hardness results by varying laser parameters for 
3S–18H powder (*track width and hardness data of single tracks generated 
using gas atomized powder at same parameters (Vaglio et al., 2020)). 

Fig. 18. System boundaries for gas atomization and proposed process.  
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using real-time observation during the powder production for the in-
ventory analysis. Also, the secondary data (mostly the energy sources for 
GA sub-processes) was taken from reports, data product catalogues, and 
existing literature in journals and reference books. The inventory data 
for both processes is shown in Table 3. 

4.1.4. 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 depletion 
(Vogtlander, 2010). The respective data for CO2 equivalents and 
eco-cost was accessed from the open-source database Idemat by (TU 
Delft, 2020) and is shown in Table 4. 

4.1.5. Results of LCA 
The results for the endpoint assessment are shown in Fig. 19. 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 Ti6Al4V) 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 (Weber, 1961). Besides, the atomization bay also consumes a 
significant amount of energy (3.2 MJ/0.1 kg Ti6Al4V) 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 substantially 
higher than any of the other associated sub-process (Tengzelius et al., 
2000). A high-pressure jet of extremely pure inert gases like argon and 
helium is used to atomize the melted metal in the GA process (Tsirlis and 
Michailidis, 2020). A high value of associated GWP (0.176 kg/kg) and 
eco-cost (3.98 INR/kg) proved its deteriorating impact on the environ-
ment. Prolonged work in an environment having a high concentration of 
such gases is not safe for onsite workers (Mohankumar and Senthilku-
mar, 2017). However, the leftover grey-acetone in the proposed process 
is not a hazardous air pollutant, and microorganisms break it down in 
soil and water (eco-cost: 17.82 INR/l). But, the phosphates in detergents 
can cause freshwater algal blooms, emitting toxins and reducing oxygen 
levels in waterways thus, leading to its high associated eco-cost (103.01 
INR/l) (Giagnorio et al., 2017). Thus, the consumption of these con-
sumables should be minimized, and some better alternatives can be 
explored. 

Large scale and continuous operation of the GA process is chal-
lenging to maintain due to the high cost of consumables and process 
constraints. Thus the total cost of the process is increased by the yield 
loss factor (Dunkley, 2013). As the yields can vary from 20 to 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 (25-45k INR for Ti6Al4V) of commercial powder feedstock for 
AM, which is not economical for large scale manufacturing (Dong et al., 
2021). The total equipment cost of the GA process (1000–2000 k INR) is 
very high due to complex sub-systems like atomization bay and highly 
controlled environment chambers (Kassym and Perveen, 2020). Skilled 
labour is vital to run and monitor the sophisticated GA system. 

Table 3 
Inventory data used in comparative life cycle assessment study.  

Gas atomization process 

S. 
No. 

Energy/material Unit Quantity Reference 

1 Ti6Al4V billet kg 0.1 Kept fixed 
2 Electrical energy for 

Ti6Al4V melting 
(primary and 
secondary) 

MJ/0.1 kg 
Ti6Al4V 
billet 

(11.4 +
6.2) =
20.60 

Norgate et al. (2004) 

3 Electrical energy for 
other processes 

MJ/0.1 kg 
Ti6Al4V 
billet 

4.31 TU Delft (2020) 

4 Compressed air 
(>10 bar) 

Nm3/0.1 
kg Ti6Al4V 
billet 

5.3 × 2 =
10.62 

(Sharma et al., 2020) ( 
Ünal, 1990) 

5 Inert gas (argon) Nm3/0.1 
kg Ti6Al4V 
billet 

2.10 Norgate et al. (2004) 

Proposed method 
1 Ti6Al4V 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 
Ti6Al4V 
swarf 

7.22 Calculated and 
adjusted with ( 
Pourghahramani, 
2006) 

3 Electrical energy for 
other processes 

MJ/0.1 kg 
Ti6Al4V 
swarf 

2.98 Calculated 

4 Acetone l/0.1 kg 
Ti6Al4V 
swarf 

0.2 Calculated 

5 Detergent (liquid) l/0.1 kg 
Ti6Al4V 
swarf 

0.005 Calculated 

6 Water for cleaning l/0.1 kg 
Ti6Al4V 
swarf 

0.5 Calculated  

Table 4 
Environmental impact assessment (data taken from open-source database Ide-
mat (TU Delft, 2020)).  

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 Ti6Al4V billet 4.46/kg 84.30 INR*/kg 
2 Indian 

electricity mix 
0.93 kg/kWh 214.80 INR/100 MJ 

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 

1 US $ ~ 75 INR (2021 conversion rate). 

Fig. 19. Life cycle assessment results for Ti6Al4V powder produced from gas 
atomization and the proposed method. 
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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. 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 low price than high purity 
billets used in GA process. 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. In addition, the 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. 

5. Conclusions 

Following are the key conclusions which follows from this study:  

1. Particle size and morphological changes during ball milling are 
dependent on the diameter of steel balls used as milling media. While 
size reduction and sharp-edged particles are favoured with large size 
balls (Ø 25 mm), the small size ball (Ø 6.25 mm) promotes 
morphological changes in terms of rounding of particles; thus, 
justifying the need to use multi-stage milling for the desired size and 
morphology of the product powder.  

2. A plausible explanation for particle size reduction and morphological 
changes is presented in terms of stress intensity (kinetic energy of 
media) and stress number (probability of collision) which increases 
with decrease in ball size. For comparable milling energy, higher 
stress intensity favours size reduction and morphological changes are 
favoured at higher stress number. 

3. With an increase in milling time, the hardness value of powder in-
creases linearly (up to 430 HV) and this is attributed to the work 
hardening and oxygen pickup effects.  

4. The characteristics of powders produced by multi-stage ball milling 
process, namely size, angle of repose, flowability and morphology 
were either comparable or superior to the commercial powders 
produced by gas atomization method.  

5. In direct metal laser sintering (DMLS)  
a) the suitable parameters for melting powders produced after three 

stages of milling (3S–18H powder) are: scanning speed of 1000 
mm/s and laser power of 310 W.  

b) the overall hardness of single-track built with 3S–18H powder is 
better (~4–7%) than the single tracks produced with GA powder 
under the same conditions.  

6. The LCA study of developed process vis-à-vis gas atomized powders 
indicates superiority of the proposed multi-stage ball milling method 
since it consumes less energy (~59%), has low eco-cost (~82%), and 
has less GWP (~68%). Thus, the process has the potential to produce 
powders with regulated characteristics from Ti6Al4V swarf. 
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