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The viability of using ball milled (BM) Ti-6Al-4V machining chips for fabricating parts by binder jetting (BJT) additive manufacturing is reported. The
built parts’ density, roughness, microhardness and compressive strength are compared with B]T parts made from gas atomised (GA) powder. Sintered
BM and GA parts exhibit comparable relative density (93-95%), while microhardness of the former is almost twice of the latter. Equiaxed grains with
greater -phase fraction are observed in the BM parts’ microstructure. The BM compression test pieces exhibit brittle fracture due to greater strain
hardening of the BM particles, compared to the plastic deformation of the GA specimens.

Binder jetting, Titanium, Ball milling

1. Introduction

Today, circular economy models in manufacturing are
increasingly being adopted via material recycling, reduction of
energy consumption and energy recovery [1], to meet United
Nation’s Sustainable Development Goals. For the additive
manufacturing (AM) sector, despite the immense benefits offered
by the AM technology in terms of design freedom and material
waste reduction [2], conventional AM powder production routes
involving melting and atomisation processes (such as gas, water
and plasma atomisation) consume substantial energy and have
high carbon footprint. To mitigate this, reuse of commercial
powders [3] as well as alternative powder generation routes via
solid-state crushing of machining chips have been explored. For
powder metallurgy (PM) application, Teja et al. [4] explored the
possibility of recycling titanium (Ti) chips, mixed with graphite
(C) powders when ball milling (BM). The produced in-situ Ti-TiC
composite powders were utilised for fabricating pellets via
sintering and compaction. In relation to the AM application,
irregular shaped BM 304L and Ti-6Al-4V particles have been used
to deposit single tracks via laser engineered net shaping [5] and
direct metal laser sintering [6] processes, respectively. In both
cases, the BM particles exhibited higher hardness compared to
the machining chips due to the greater dislocation density and
grain refinement of particles caused by the work hardening effect
during BM. In the context of part fabrication, mechanically
generated 316L feedstock has been utilised to build tensile bars
via a directed energy deposition (DED) AM process [7]. The
resulting tensile specimens showed presence of interstitial
elements (e.g., oxygen and Ti). These led to marginally higher
hardness, Young’s modulus, ultimate tensile strength and yield
strength, but lower elongation at fracture, compared to values
from spherical gas-atomised powder parts. In the case of DED-
printing of tensile pieces from AISI 303 chip powder on an AISI
1045 substrate failure occurred in the substrate region, indicating
a good adhesion between the two materials [8]. Direct feeding of
machining chips and grinding swarf into DED process has also
been tested, without converting them into powders [9-11]. It was

concluded that prior chip cleaning is not required as impurities
are burnt off during the laser melting of the DED process [10].

Up to now the main reported uses [7-11] of mechanically-
generated feedstock have been with DED processes (powder
feeding is more simple with DED than with powder bed fusion
(PBF) and binder jetting (BJT) AM processes). The reporting of
chip powder as feed for PBF or BJT processes is extremely
limited. The BJT AM process is similar in its working principles to
powder metallurgy. Since chip powders have demonstrated
potential as alternative feedstock for PM [12], a research need is
to evaluate the viability of using such powder particles in BJT
process. This research centres on the fabrication and testing of
BJT test pieces from ball milled Ti-6Al-4V (Ti64) chip powder via
a circular manufacturing process chain, as shown in Fig. 1. The
purpose of the paper is to compare the fabricated parts’ surface
and mechanical integrity against those built using commercial gas
atomised (GA) Ti64 powder.

Post-processing
(sintering, heat treatment)

Figure 1. A schematic of the circular manufacturing process chain.
2. Experimental methodology

Ti64 chips of length ~1-30 mm, width 1.2+0.9 mm and
thickness 0.17+0.16 mm were generated from ASTM B265 Grade
5 annealed plates, using standard wet end milling conditions (95
m/min cutting speed, 0.5 mm/rev feed and 0.2 mm depth of cut).
The chips were ultrasonically cleaned using detergent, acetone
and isopropyl alcohol, for 15 mins for each cycle, and finally dried
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in an oven for 2 h at 120 °C to remove moisture. BM of clean chips
was then carried out in a Retsch PM400 ball miller, using four 250
mL hardened chrome steel grinding jars. As recommended in [5],
a two-stage BM process was undertaken. Following
comprehensive trials the final BM parameters are shown in Table
1. After Stage 1, BM particles with <150 pm average size were
sieved and utilised in Stage 2, following which, particles with
<100 pm size were sieved and used for BJT printing.

Table 1 Two-stage ball milling parameters for Ti-6Al-4V chips

BM stagesBall-to-powder Ball dia.  Jar vol. BM BM run time
ratio (mm) (mL) RPM  (min)

Stage1l 20:1 20 250 300 90

Stage2  10:1 10 250 250 60

Fabrication of BJT cubes (12 x 10 x 6 mm) and compression test
pieces (#10 x 10 mm) from commercial GA and BM powders was
conducted on an ExOne Innovent* machine, using CleanFuse
binder. Due to the limited quantity of the BM powder,
miniaturised compression test pieces were built as per [13].
Standard printing conditions (shown in Table 2) were used, as
recommended by ExOne. The printed ‘green parts’ were cured in
an oven at 140 °C for 6 h. Debinding and ‘pressure-less’ sintering
of the cured cubic parts were then undertaken in a CM 1630-20
horizontal tube furnace in an argon atmosphere. Debinding was
carried out at 550 °C for 1 h. Three sintering cycles at 1290, 1390
and 1490 °C, each for a duration of 2 h [14], followed by furnace
cooling, were initially tested. Based on the sintered cubes’
density, roughness and surface topography results, a final
sintering cycle of 1490 °C for 3 h was chosen for sintering further
cubic and compression test pieces.

Table 2 Binder jetting, curing and sintering parameters used

Binder saturation 80%
Layer thickness 50 um
Binder droplet volume 30 pL
Build bed drying temperature 60 °C

140°C,for6 h
1290, 1390, 1490 °C, for 2 h
1490 °C, for 3 h

Green parts’ curing cycle
Trial sintering cycles
Final sintering cycle

Particle size distribution analysis was carried out using a
vibratory sieve shaker, according to ASTM B214-16. Powder
flowability was evaluated using a Hall flowmeter, according to
ASTM B213-17. The GA and BM particle morphology and sintered
parts’ surface topography were observed using a scanning
electron microscope (SEM). Relative density was measured twice
on each sintered specimen using Archimedes principle. Surface
roughness parameters, Sa and Sz, were recorded using a Sensofar
3D optical profilometer on a 1.7 x 1.4 mm?2 area with a 0.8 mm
nesting index. The average values of three measurements on each
of the three samples per sintering cycle are presented. Vickers
microhardness measurements were carried out on the polished
cross-sections of the cubes along the printing (X-Y plane) and the
build (Y-Z plane) directions (see Fig. 4(a)), with 100 g load and 10
s dwell time. The average values of five measurements on each
plane are displayed. Microstructures were revealed via
immersion etching in Kroll's reagent (100 mL water, 3 mL
hydrofluoric acid, 6 mL nitric acid) for 1 min. Electron backscatter
diffraction (EBSD) analysis was further undertaken to evaluate
the grain size and phase fraction. Additionally, phase detection
was carried out using X-ray diffraction with a Cu-Ka target, 0.02°
step size, and 1.2 s/step scan speed, within a 28 range of 30°-80°.

Compression tests were carried out on three GA and three BM
BJT test pieces using a constant displacement rate of 0.5 mm/min
at ambient temperature [14].

3. Results
3.1. Physical and mechanical results

The commercial GA powder exhibited spherical morphology
with particle size between ~15-45 pm, shown in Fig. 2(a). The
machined Ti64 chips were mainly segmented, but some were up
to ~30 mm long, displayed in Fig. 2(b). The optimised two-stage
BM process was able to crush all chips and produced irregular
shaped particles (Figs. 2(c) and 2(d)), similar to that reported in
[6,15]. A two-stage BM cycle converted ~98% of the initial chip
mass into 80 g of particles with <100 pm average size in a BM run
time of 2.5 h and a total milling time of 4 h 40 mins, including the
10 mins machine pause time after each 10 mins of BM run time.
After 13 two-stage BM cycles, a total 1 kg of powder with <100
um particle size was used for BJT printing. Figure 3 shows that
the angle of repose (AOR=31°) of 50 g BM powder was marginally
higher than its GA counterpart (28°), possibly due to the greater
size distribution of the BM particles, ~5-100 pm. Nonetheless, the
flowability test confirmed that the BM powder was ‘free flowing’.

(c) BM Ti64 powder K+

Figure 3. Hall flowability test, (a) GA powder, (b) BM powder.

Figure 4(a) shows a ‘green’ part printed from BM powder. X-Y is
the printing plane with the Z-axis the build direction. Figures 4(b)
and 4(c) are BM and GA parts sintered at 1490 °C for 3 hrs. Figure
4(d) is a ‘green’ compression test piece printed using BM powder.
Figure 4(e) shows its counterpart sintered at 1490 °C for 3 h.

Relative densities of both the GA and BM BJT ‘green’ parts were
~55-60%. Densification started at a lower sintering temperature
for the GA than the BM parts. Figure 4(f) shows densification over
the sintering range 1290 °C to 1490 °C and 2 to 3 h. Sintering of
BM parts only started near to 1390 °C and 2 h but both the BM
and GA parts that were sintered at 1490 °C and 2 h repeatedly
achieved 93-94% relative density. Further increase in sintering
temperature was not possible due to the furnace’s capacity.
However, increasing the sintering time from 2 h to 3 h marginally
increased both GA and BM parts’ density to 93-95%, possibly due
to the grain growth. Although the density is lower than with PBF
parts, where 98-99% part density is achievable, the B]T part
densities are comparable with prior work [14,16].

As seen from Fig. 4(g), average surface roughness, Sa and 10-
point roughness, Sz of both GA and BM parts decreased with the
rise of sintering temperature, due to improved densification and
bonding of particles. Sa of the GA and BM cubes were in the range
of 8-12 and 12-15 um, respectively, following sintering at 1490 °C
for 3 h. The BM parts exhibited ~10-30% higher Sa and ~20-25%
greater Sz compared to the GA parts. Figure 5 adds to the surface



roughness information. Figure 5(a) shows the smaller particle
sizes (<50 um) of the GA surface relative to those of the BM
surface (<100 pm, Fig. 5(c)). The enlarged views, Figs. 5(b) and
5(d) show the smoother material flow under surface tension of
the GA part surfaces compared to the still visually individually
sintered and bonded BM part surfaces.
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Figure 5. Surface topography of GA and BM parts, sintered at 1490 °C, 3 h.

Figure 4(h) shows that microhardness of both GA and BM parts
increased with the increase in sintering temperature, in line with
parts’ densification and reduction of internal pores (Section 3.2).
Microhardness values recorded on the X-Y plane were generally
higher than those measured on the Y-Z plane. This was possibly
because better bonding between particles took place along the
plane of printing than that along the build direction. Nonetheless,
the difference was marginal when sintering at 1490 °C. In this
condition, average microhardness of the GA part (450-460HVo.1)
was higher than the wrought Ti64 blocks (350HVo.1) that were
purchased off-the-shelf to produce BM powder. The value was
also substantially higher than hardness of as-sintered Ti64 BJT
part (336HV) reported in [17]. Interestingly, the BM parts
exhibited ~810-920HVo.1 average hardness when sintered at
1490 °C which is almost twice the hardness of the GA parts.

Figure 6 depicts that the compressive yield strength of three
tested GA specimens was in the range of 910-1000 MPa, while the
strain at failure was of the order of ~22-28%. The yield strength
was 6-16% higher but the failure strain was substantially greater
than that reported in [14], i.e. 862 MPa and 3.7-4%, respectively.
Indeed, one GA test piece was plastically deformed without
breakage as shown in Fig. 6(a). In contrast, the BM test pieces’

compressive strengths were from 510-870 MPa, with near-brittle
failure (failure strains <3%). Brittle fractures along the grain
boundaries, along with tiny lateral cracks are seen in Fig. 6(b).
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Figure 6. Compressive yield strength and failure strain results, together
with the failure regions of (a) GA parts and (b) BM parts.

3.2. Microstructural observations

The microstructure of the wrought Ti64 block in Fig. 7(a) shows
typical partly equiaxed and elongated primary o colonies, together
with intergranular lamellar a/f phases. The machining process
deformed the a grains within the chips, together with distorted
a/B phases, as seen in Fig. 7(b). In Fig. 7(c), the BJT GA part
exhibits basket-weave structures of lamellar o within the prior f3
grains as the part was sintered well above the -transus (995 °C
for Grade 5 Ti64) and furnace cooled. Some pores and needle-like
thin B grains are also visible. Similar structures are reported in
[17,18]. EBSD analysis on the GA part confirms the presence of
lamellar grains in the inverse pole figure (IPF), shown in Fig. 8(a).
The corresponding phase map in Fig. 8(b) shows the matrix is
nearly fully hexagonal o, with marginal cubic $ phases mainly
accumulated within the needle-like structures. Energy dispersive
spectroscopy (EDS) detected these regions as vanadium (V)-rich,
which is a B-stabiliser, confirming the presence of 3 phases.

In contrast to the microstructure of the GA part, the BJT BM part
shows fine nearly globular dark phases dispersed throughout the
matrix, together with some pores in Fig. 7(d).

¢ Elongated a
grain

Figure 7. Microstructures of (a) wrought Ti64 block, (b) machined chip,
(c) BJT GA part and (d) BM part, sintered at 1490 °C for 3 h.



EDS detected these dark phases as V-rich. The corresponding
EBSD IPF in Fig. 8(c) reveals fine equiaxed grains of ~5-25 um.
The phase map in Fig. 8(d) confirms that the fine dark phases are
indeed cubic 8 phases. The presence of a higher 8 fraction in BJT
BM parts can be attributed to the prior higher volume fraction of
f in the BM particles that occurred due to the strain hardening of
Ti64 chips during ball milling. It is reported that $-phase fraction
increases with an increase in strain due to vanadium depletion
from the supersaturated o. The rise in V percentage at new sites
promotes fresh formation of intergranular $ [19]. The higher
hardness of the BM parts reported earlier is due to the greater 8
fraction [20], coupled with the prior work hardening of the BM
particles [5,6] and smaller grain size of the BM parts, as per Hall-
Petch relation.

The XRD spectra in Fig. 9 shows that a-Ti phase exists as the
main crystalline peaks in all specimens. Some possible 8 peaks in
the BM part are also indicated. The tiny  (110) peak seen at 40°
diffraction angle [21] might also coincide with the peak of TiC
[14]. There is a possibility of formation of some TiC and titanium
oxides within the parts as BJT printing was carried out in
atmospheric condition. Traces of carbon and nitrogen have also
been detected via EDS on both GA and BM parts, however, the
relative percentages of C and N were 3-5 weight% higher in some
regions of the latter specimens. This is expected as the BM
powder was generated in atmospheric condition whereas the GA
powder was supplied in an argon-sealed container.
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Figure 8. EBSD IPF of (a) BT GA part and (b) its phase map, (c) IPF of BJT
BM part and (d) its phase map. Both parts sintered at 1490 °C for 3 h.

4. Discussion

The study involved different batches of Ti64 chips generated
from several Grade 5 annealed plates. Chips with varied length
(~1-30 mm) were successfully converted into powder particles
via ball milling. Using the optimised two-stage BM settings, ~98-
99% of the initial chip mass was transformed into particles with
<100 um average size in a BM run time of 2.5 h. This was
substantially lower than the long BM durations found in
literature, e.g,, 2.5-12 h in [4], 24-60 h in [5], and 6-18 h in [6].
Each two-stage BM cycle, involving four 250 mL jars, produced 80
g powder. Of all the BM powder produced and used for BJT
printing, the average size of 25-35 wt% of particles was <50 pm
and 65-75% was 50-100 pm. Thus, the process can be scaled up
by using larger milling jars and by operating machines in parallel.

The irregular shaped particles, generated via solid-state
crushing, can be successfully used in BJT printing as the powder
is first laid and then compacted by two rollers. The greater size
distribution (~5-100 um) could also help in filling in the voids
between larger particles. Despite the irregular shape, the BM
powder was ‘free flowing’ [22], consistently exhibiting 29.5°-34°
static AOR, compared to the 26°-31° AOR of the GA powder. While
such irregular BM particles displayed a turbulent flow behaviour

in a DED process and produced layers with pores of varying size
[15], in the present study, both BJT BM and GA parts sintered at
1490 °C for 3 h achieved 93-95% relative density consistently.
However, the greater particle size distribution and irregular
shape also resulted in the 10-30% higher Sa of the BM surfaces,
compared to the GA surfaces. A fine equiaxed microstructure with
higher cubic f3 fraction was observed on the BM parts, compared
to the lamellar microstructure of the GA parts containing greater
fraction of hexagonal a phase. Equiaxed microstructure of DED
tracks deposited using BM powder was also reported in [15]. The
reason was attributed to the grain refinement due to ultrasonic
cavitation of molten melt pool. In contrast, the equiaxed
microstructure in the present study is thought to be due to prior
strain hardening of the BM particles and consequent formation of
greater -phase fraction.

The microhardness of the BM parts was almost twice that of the
GA parts, though their compressive strength was less than that of
the GA parts’ yield strength, and they failed in an almost brittle
manner. The higher hardness is believed to arise from the
combined effects of the strain hardening and greater J fraction of
the BM powder. The strain hardening, together with higher traces
of impurities (C, N) in the powder, induced during ball milling, are
possible causes of their lower malleability. Nonetheless, the
highest compressive strength recorded for the BM specimens
(866 MPa) was comparable to that reported in [14]. Conversely,
the presence of fully lamellar hexagonal a was the contributing
factor for the greater malleability of the GA parts.
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Figure 9. X-ray diffraction spectra of wrought Ti64 block, Ti64 chips, BM
and GA powders and BJT parts.

5. Conclusions

Mechanically-generated powder can be used successfully to
build parts by the binder jetting AM process. The parts built from
ball milled powder have similar relative density (93-95%) to
parts built from GA commercial powder but have higher hardness
and are less malleable. Fine equiaxed grains, with greater 3-phase
fraction, are observed in the BM parts’ microstructure. It is
believed that the prior strain hardening of the BM particles is in
part the cause of the higher hardness and lower malleability.

Future research will focus on further improving the density of
the BJT parts via post-processing, for example, hot isostatic
pressing [17]. Post-BJT heat treatment routes will be explored to
enhance the ductility/malleability of the BM parts.
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