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ARTICLE INFO ABSTRACT
Keywords: The present work deals with the use of stirred bead milling process to tune the hydroxyapatite particles size
Hydroxyapatite adjusting the process conditions. Our goal is to find the optimal parameters to obtain particulate suspensions

Ceramic suspension
Powder technology
Additive manufacturing
Wet milling

within a 0.2-1.5 pm particle size range. This size range is preferable to produce spherical feedstock for powder
bed fusion technologies through the atomization process. A Darvan C dispersant agent dosage of 2.1 mg m~2
(active component) to the specific surface of the ceramic was found, through stability and rheological analyses,
to be the most outstanding dosage for stabilizing the dispersion. Milling chamber, bead wear, and energy con-
sumption were evaluated and minimized, finding the most efficient operating parameter setting for the process.
For the studied material, the use of a fast stirrer speed, smaller grinding media size, and higher solids concen-
tration increased the energy efficiency. This work confirmed the presented laboratory-scale milling process as a
promising method to study the processing of hydroxyapatite-filled slurries, as a first-step product, on the
manufacture of hydroxyapatite microspheres for the powder bed fusion industry.

like spray-drying to shape the ceramic particles into spherical granules
[14].

In a spray-drying process, it is known that the size of the primary
particles present in the liquid suspension feedstock has an effect on the
spray formation, morphology and internal structure of the produced
granules. Several studies have demonstrated that higher heat transfer
efficiency (resulting in the lowest moisture content of the granules) and
more solid, spherical and dense granules are obtained when using
ceramic primary particles having an x5p commonly in the range of
0.2-1.5 pm [15-18]. A high concentration of solutes in the liquid (thus
reducing the volume of liquid to evaporate) is desirable to increase dryer
thermal efficiency [19]. However, a higher solids concentration can lead
to an increase of the slurry viscosity. If it is too high, it can cause the
grinding media to be stuck on the surface of the grinding chamber
affecting the comminution of the particles and the fineness of the ob-
tained particles [20]. It could also bring handling difficulties during the
spray-drying process itself, especially during the pumping and mixing of
the slurry [21]. The successful spray-drying of ceramic slurries having
viscosities up to 0.1 Pa s has been reported previously [15]. Thus, the
tailoring of the particulate suspensions is preferred before its utilization
as feedstock in a spray-drying process. The particle size reduction by
stirred bead milling will be the focus of the present paper. The next steps
(drying, agglomeration, and shaping from powder into solid parts) have
been discussed in recent works [22,23].

1. Introduction

Additive manufacturing (AM) technologies have demonstrated the
feasibility of producing ceramic parts for tissue engineering and
implantology through different categories, such as powder bed fusion
(PBF) [1,2]. This group of techniques might produce convenient, fast,
and individualized implants, shortening the production period of
patient-matched tissue engineering scaffolds from a bio-ceramic powder
feedstock, as hydroxyapatite (HA) [3,4]. HA is already a well-known
calcium phosphate-based bio-ceramic material, frequently used in
bone tissue engineering because of its suitable properties for bone tissue
reparation [5]. Its bioactivity and biocompatibility ensure the osseoin-
tegration of the implants while keeping their mechanical properties [6].

At the time of tailoring the powder feedstock properties, it is
necessary to know the needs for the technique in which it will be used. In
the case of PBF techniques, a homogeneous powder bed is preferably
achieved by flowable spherical particles with a median particle size, x50,
between 30 and 70 pm [4,7]. Various material studies [8-12] have
shown how the larger size and spherical shape improve the flowability
of powders. A Hausner ratio lower than 1.25 (which is known to be
characteristic of high flowability) should be obtained for the powder,
which is recommended for PBF powders [13]. Thus the production of an
optimal PBF powder feedstock should involve a previous process step
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Abbreviations

AM =  Additive Manufacturing

BET =  Brunauer-Emmett-Teller

DC = Darvan C

FTIR = Fourier Transform Infrared Spectroscopy

GM = Grinding Media

HA = Hydroxyapatite

ICP-AES = Inductively Coupled Plasma Atomic Emission
Spectroscopy

PBF =  Powder Bed Fusion

PGT =  Princeton Gamma Tech

PSD =  Particle Size Distribution

SBM =  Stirred Bead Milling

SEM =  Scanning Electron Microscope

Symbols

CDC = Darvan C solid mass concentration [mg.m-2]

En = Specific energy [kJ.kg ']

K= Consistency index [Pa.s"]

n= Flow behavior index [—]

t= Process duration [s]

V= Stirrer speed [m.s™ 1]

whya =  Solid mass fraction [—]

Wp: wem = Powder/grinding media weight ratio
X50 = Median particle size [pm]

Xf = Final median particle size [pm]
XM = Grinding media size [pm]

X; = Initial median particle size [pm]
YSZ =  Yttria-stabilized zirconia

o= Acceleration [m.s 2]

y = Shear rate [1.s71]

n= Viscosity [Pa.s]

pgm =  Grinding media density [kg.m 3]
T= Shear stress [Pa]

¢ocm =  Beads filling degree [—]

There is a variety of works in the literature using different methods to

Table 1

Report of previous bibliographic studies on the grinding of hydroxyapatite
powders using different milling processes. N/A will be written when data was
not indicated by the authors in the publication. (w,:wgy = powder/grinding
media weight ratio, xgy = grinding media size, x; = initial median particle size,

x¢ = final median particle size).

No.  Reference  Kind of mill, wet or ~ Operating Crushed material,
dry conditions conditions initial and final
particle sizes
1 [26] Agitator bead mill, t=1h, Si, Ti, HA (Alfa
wet wpiwem = N/A aesar), X; = <44
Xgm = 200 pm, pm,
zirconia beads, x¢= 0.1 pm
additive BYK
151
2 [27]1 Vibration ball t=1h, HA (Wako,
milling, high- Wp:Wem = 1:40 99.5%), x; = 250
energy ball milling, Xom = N/A pm,
dry x¢ = 0.1 pm
3 [28] Ball milling, high- t=1h, Ti-20%HA, x¢ ~
energy ball milling, wpwem = N/A 100 pm
dry Xgm = N/A
inert
atmosphere
4 [29] Ball milling, dry t=3h Synthesized (Wet
Wp:wWem = N/A method) then
Xom = N/A calcinated HA, x;
~ 30 pm,
Xf =5 pm
5 [30] Agitator bead mill, t =N/A, Synthesized (Wet
moliNEx system Wp:Wgm = N/A method) then
(Netzsch), wet Xgm = 1850 pm, calcinated HA, x;
zirconia beads, ~ 30 pm,
water & ethanol ~ xf =5 pm
6 [31] Agitator bead mill, t=8h, Synthesized (Wet
moliNEx system Wp:Wem = N/A method) then
(Netzsch), wet Xgm = 1850 pm, calcinated HA, x;
zirconia beads, ~ 30 pm,
ethanol/water x¢=1pm
(ethanol),
Xf = 3-10 pm
(water)
7 [32] Shaker-mixer, t = 3-6-24-96 h, Calcium
tubular, dry wpwem = N/A phosphate
Xgm = 2000 pm, powders, x; = 3
zirconia beads pm,

X = 2-1.5-0.7-0.3
pm resp.

perform the comminution of HA powders to reduce their particle size
(Table 1). Kwade et al. [24] pointed out the interest of having a large
number of stress events and stress intensity in a stirred bead milling
(SBM) process compared to those present in other ball-milling processes
(mechanical, tumbling, vibrating, high energy ball mills ...). The
grindability of materials is not so easy to evaluate concerning ultrafine
wet grinding processes, so according to the recent review analysis by
Taylor et al. [25], the most practical method to define optimum condi-
tions and specific energy requirements for a stirred bead milling process
is to perform tests on a laboratory-scale mill.

To summarize, our objectives were to find the SBM conditions able to
produce highly loaded (HA solid mass fraction, wya, equal to or higher
than 0.50) HA-filled slurries for their use as spray-drying process
feedstock. They should contain dispersed particles with an x5 in the
range of 0.2 to 1.5 pm and show a viscosity lower than 0.1 Pa s
during the whole process. Between the wide range of parameter com-
binations, the optimal set, meaning minimal energy consumption to
reach the same targeted powder properties, will be determined.

2. Material and methods
2.1. Materials

The starting stoichiometric HA powder used during the present study
was produced by Urodelia (SA Company, Saint-Lys, France) via wet
precipitation process (product reference 206.93.003). More details
about the synthesis procedure can be found in a previous work [33].
Ultrapure water served as a dispersion medium in the suspensions pre-
pared in this work. It was obtained from the equipment “Purelab Ultra”
of VWS (UK) Ltd. Its density was found to be 0.9952 g cm ™~ at 25 °C
whereas its pH varied between 6.3 and 6.8 at 25 °C. A commercial
dispersant Darvan® C (DC) was used for better stabilization of the
prepared HA-filled slurries. It is an anionic polyelectrolyte (ammonium
poly(methacrylate)) provided by R. T. Vanderbilt Co. (Norwalk, CT,
USA) consisting of an aqueous (clear to light amber) solution with an
active matter concentration of 25 wt %. Producer specifications for this
solution are a viscosity of 0.075 Pa s, a volumetric mass density of 1.11
+0.02 g cm ™3, a pH of 7.5-9, and an average molecular weight of 10,
000 to 16,000 Da, with a low tendency to foam.
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2.2. Characterization of HA powders and HA-filled slurries

2.2.1. Particle size distributions and morphology

The PSD of the starting HA powder and HA-filled ground suspensions
collected during the SBM process was determined by laser diffraction
method (Mastersizer MS3000 Malvern Panalytical). A total number of
replicate measurements (N) of five was performed for each suspension to
calculate the resulting sample mean and sample standard deviation. In
the following, the information on the number of measurements, the
mean value and the standard deviation will be given as follows: (N = 5,
mean =+ standard deviation). Refractive indices of 1.632 and 1.330 were
used for HA particles and water, respectively, and a particle absorption
index of 0.1. For dry powders, a venturi pressure of 0.1 bar was used for
the measurement. Fig. 1a shows the PSD of the starting dry HA powder,
which has an x59 of 21.2 + 1.6 pm. Initial and ground powder mor-
phologies were investigated by scanning electron microscopy (LEO 435
VP) equipped with a Ge detector (Imix-PC, PGT). In the case of the
ground powders, the slurries were freeze-dried overnight and the
resulting dry powder was metallized with a thin film of silver using a
Scancoat Six sputter coater. Fig. 1b shows the scanning electron mi-
croscope (SEM) micrographs of the starting powder, it is composed of
aggregates of smaller particles with irregular shape.

Powders specific surface areas were measured by nitrogen adsorp-
tion, following the Brunauer-Emmett-Teller (BET) method. A Micro-
meritics® TriStar II Plus 3.00 equipment was used for the physisorption
analysis of powders (N = 3, mean =+ standard deviation). The specific
surface area of the starting HA powder was found to be 0.8 + 0.1 m? g 1.
Ground powders were freeze-dried overnight before the measurement.
All samples were previously degassed at 40 °C overnight in a VacPrep™
061. The specific surface of ground powder was found to be 23.8 + 6.0
m? g~ This value will be used as a reference for the calculation of the
dispersant concentration during the analyses.

The particle density of the starting HA powder was analysed by

Ceramics International 48 (2022) 24953-24964

measuring the pressure change of helium in a calibrated volume in an
AccuPyc 1330 Pycnometer (N = 10, mean + standard deviation). The
obtained true density of the initial powder was 3.10 + 0.01 g cm 5, close
to the density of microscale hydroxyapatite powder reported in the
literature (3.16 g em~3) [34].

2.2.2. Chemical and structural analyses

Fourier transform infrared spectroscopy (FTIR) analyses performed
in a spectrometer Nicolet™ FTIR iS50 (Thermo Scientific™) were used
to determine the chemical composition of the initial HA powder as well
as the freeze-dried ground HA powder. KBr pellet method was used for
the sample preparation.

X-ray diffraction (XRD) analyses of dry starting and ground HA
powders were performed in a BRUKER’s X-ray diffractometer D8 by
using Cu Ka radiation (wavelength A = 0.15406 nm) with a nickel filter
at 40 kV and 40 mA. A step of 0.03° 26, and a time per step of 0.2 s were
used to record the diffractograms in a 26 range between 20° and 60° for
the analysis and comparison of phase composition and crystallinity of
powders. The dry powders were manually crushed using a mortar and
pestle before measurement.

Analysis of the species produced due to the milling chamber and
grinding media wear (Fe, Zr, and Y) during the SBM process was carried
out by inductively coupled plasma atomic emission spectrometry (ICP-
AES, Ultima2R HORIBA). Slurry aliquots collected during and after the
SBM process were freeze-dried to obtain a dried powder. One gram of
each sample was accurately weighed and introduced in a mineralization
tube, then dissolved by acid digestion, adding 12 ml HNO3 65%, 3 ml
HCl 36.5-38%, and 2 ml ultrapure water, and then heated at 95 °C
during 1 h. After cooling, ultrapure water was added to all solutions
until a total of 50 ml before being injected into the plasma. One of the
three SBM runs analysed (Table 2-Run 2) was performed and analysed
three times to obtain the mean value and the standard error of the
measurement.

(@) 1] - _\ {1
X10=6.65+0.28 um
Xsp=21.20+ 1.65 um

%
=4 Xgo=43.60 £ 1.60 um
o
S 6
o
-
(]
€4
o
>
2 4
ey
0 —fassapas !##M .
0,1 1

UV ANYS

10

Fig. 1. (a) PSD and (b) SEM micrographs of as-received hydroxyapatite powder.
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Table 2

Ceramics International 48 (2022) 24953-24964

List of experiments performed, including the experimental conditions (DC dosage respect to the ceramic specific surface), final specific energy, particle size obtained at
the end, and purpose of the run. * Run was performed three times for the repeatability study.

Run Xom Pm V, [m. WHA DC dosage [mg. Grinding time Ending E,, [kJ. X10 Xs0 Xgo Operating condition
no. [mm] -1 s -] m?] [min] kg'] [pm] [pm] [pm] studied
1 0.6 0.85 7.7 0.20 0 120 2880 0.6 = 1.7 £ 3.7 £ DC dosage
0.1 0.2 0.8
2% 0.4 0.75 5.7 0.20 2.1 120 5760 0.3 + 0.4 + 0.6 + V.
0.1 0.1 0.1
3 0.4 0.75 3.8 0.20 21 135 3240 0.4 £+ 0.7 £ 2.6 £
0.1 0.1 0.5
4 0.4 0.75 11.5 0.20 2.1 15 1800 0.4 + 0.6 + 0.9 £
0.1 0.1 0.1
5 1.0 0.85 7.7 0.10 21 60 2571 0.5+ 0.9 + 2.6 + XM
0.1 0.1 0.2
6 0.4 0.85 7.7 0.10 21 60 1600 0.4 + 0.6 + 1.0+
0.1 0.1 0.1
7 0.4 0.75 11.5 0.10 21 7 3360 0.3 + 0.5+ 14+ WHA
0.1 0.1 0.1
8 0.4 0.75 11.5 0.30 21 15 1714 0.5+ 0.8 + 1.8+
0.1 0.1 0.1
9 0.4 0.75 11.5 0.50 2.1 15 720 0.5+ 09 + 2.0+
0.1 0.1 0.1
10 0.4 0.75 5.7 0.50 21 120 654 0.5+ 0.9 + 21+ PSD evolution with
0.1 0.1 0.1 grinding time
11 0.6 0.85 7.7 0.30 2.1 60 720 0.4 + 0.9 + 2.3+
0.1 0.1 0.4
2.2.3. HA-filled slurries rheological and electrophoretic measurements .
=1, +K(7)" (€8]

A TA Instruments AR2000 rheometer equipped with a temperature
control Peltier plate was used for the rheological analysis of the HA-
filled suspensions. A 40 mm crosshatched parallel plates system and a
gap between plates of 1300 pm were chosen as configuration. Such
geometries with rough surfaces were preferred to avoid sliding effects
and a rapid radial migration of the suspended solids when using a cone-
plate system. In addition, the gap of 1300 pm was chosen for being at
least 10 times higher than the largest particle size understudy, which
corresponds to an xsp of 100 pm in the starting HA powder, thus also
avoiding wall effects [35]. To produce the flow curve of each sample a
constant plate temperature of 25 °C and an increasing shear rate
(steady-step flow step) were used taking ten points by decade. A con-
ditioning step was applied before the measurements at a shear rate of
200 s~ during 30.0 s and an equilibration time of 30.0 s. At least three
measurements of each slurry were performed to obtain the standard
error of the mean.

Even though prepared suspensions are intended for a posterior spray-
drying process with typically high shear rates (10° to 10° s71), the step of
the process that could bring more handling problems (due to a higher
viscosity) is during the pumping and mixing of the suspensions, which
produce lower shear rate (10 to 10° s’l) [36]. Although the geometry
used allows for high accuracy measurements, a practical limitation is the
lowering of the highest shear rate limit that some samples can reach
before being ejected out of the gap due to centrifugal forces. For this
reason, the suspensions were compared over an equal shear rate range of
10-100s L

The influence of different wys and DC dosages on the rheological
behaviour of ceramic suspensions was investigated. HA slurries were
prepared by gradually pouring the corresponding amounts of DC and
initial HA powder (before milling) in water. Samples with a total volume
of 20 ml were stirred at 600 rpm for 10 min to ensure the homogeneity of
the suspensions before the rheological analyses. No significant differ-
ences in the dispersion state were observed when applying sonication to
the suspensions.

Several rheological mathematical models are usually applied to
rheograms to transform them into the information of the steady shear
fluid rheological behaviour. In this work, the Herschel-Bulkley model
(Equation (1)), which is a three-parameter rheological model describing
a non-Newtonian fluid, was used to fit the data.

where 7 is the shear stress [Pa], 7, the yield stress [Pa], j the shear rate
[s’l], K the consistency index [Pa.s"], and n the flow behaviour index
[-1.

The stabilization of a suspension may be evaluated by the zeta po-
tential of the suspended particles. The potential is the electrical potential
difference between the particle surface and the liquid beyond the ion
charge cloud. The zeta potential of HA particles in slurries containing
different concentrations of DC dispersant was determined by electro-
phoretic mobility using a Zetasizer Nano-ZS (Malvern Panalytical) at
25 °C. Different samples of 20 ml at wya = 0.20 were prepared by adding
the corresponding HA powder amount and different dosages of DC
(active component) from 0 to 2.1 mg m 2 to the ceramic powder surface
(0-5 wt % to the ceramic mass) before being stirred for 2 h. Samples
were diluted before the analysis to avoid the multiple diffusion phe-
nomena and adjusted to a solids concentration of 4 mg mL™". Each zeta
potential value reported was calculated from the mean of five mea-
surements as well as the standard error.

The pH of the water and HA-filled suspensions was measured by
Hach Sension + PH3 Basic laboratory pH meter, which was calibrated
with standards pH 4, 7, and 10 each time before the repetition of at least
five different measurements. The pH of an HA-filled suspension at wyp
= 0.50 was found to be 9.5 &+ 0.2 at 25 °C due to the basic properties of
HA particles. Padilla et al. [37] already offered a study of the influence
of the pH and dispersants on the zeta potential of HA particles. They
found that the most constant and highest zeta potential values were
always obtained at pH > 8. For this reason, no further analyses neither
alteration of the pH of the HA-filled suspensions was followed during
our study.

2.3. Stirred bead milling (SBM) experiments

Several SBM runs (Table 2) were carried out in commercial equip-
ment Labstar manufactured by NETZSCH (Germany) to reduce the size
of the HA particles present in the slurries. For each experiment, firstly,
the suspension was prepared in a stirrer tank before being pumped to the
milling chamber. The corresponding dispersant agent DC volume was
added to water followed by the addition of the weighted HA powder
amount. The total batch size was approximately 2 kg for each of the
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runs. All dispersions were agitated for 10 min at 600 rpm at 25 °C before
starting the pumping and grinding process. The duration of the run and
the DC and HA amounts used at each run are indicated in Table 2.

A detailed scheme of the experimental setup is provided in a previous
work [38]. This SBM Labstar equipment is a laboratory-scale model with
a grinding chamber volume of 0.62 1. The horizontal configuration of
this circulation Zeta® grinding system ensures uniform exposure of the
product through the media-intensive grinding zone within the mill as
well as a high product throughput rate. A pin grinding system, of 7.2 cm
in diameter, as a media mill stirrer, provides a high grinding intensity
while a multi-zone cooling system prevents overheating of the product.
The equipment has a stirrer speed (V;) limit range of 1000-4000 rpm
corresponding to a tip stirrer speed range of 3.8-17.3 m s~!. The bead
wear was reduced by using high resistant Yttrium Stabilized Zirconia
95% (YSZ, ZrO3) micro grinding beads (Zirmil® Y from WAB-Group)
(bead density pgy = 6020 kg m™>). Different grinding media sizes
(xgn) were used to study their effect on the final product quality. The
nominal and laser diffraction measured xgp values for the grinding
media used are described in Table 3. Refractive and absorption indices
of 2.148 and 1.000 respectively were used for the measurements.

Once comminution has occurred in the grinding chamber, the
dispersion leaves through a steel (Cr-Ni-steel) separating cartridge of
100 pm installed at the outlet of the grinding chamber to separate the
product returning to the feeding tank and keep the beads inside the
chamber. In this way, the circulation mode (multi-passes) was selected
as the operating mode. The product flow rate was kept constant at 8.8 x
107% m® 57! and its analysis was kept out of the scope since it was
already demonstrated that it does not have a significant effect on the
product quality [39].

According to the literature [40,41], the specific energy (E,,) is more
relevant than the grinding time to quantify the effect of operating pa-
rameters in SBM processes to reach a certain product fineness. E, is the
ratio of the total energy supplied to the grinding chamber to the mass of
solid processed. The determination of E, for a demanded product
quality also depends among others on the mode of the milling operation
[42]. Details on its calculation can be found in a previous experimental
study [39]. Briefly, for a grinding process following a circulation or
recycling mode, E;, can be determined as follows:

1

Em(t): @: /(P(T) _P())dT (2)

my
0
where m,, is the mass of the solid product, P(z) is the power at the time 7
and Py is the no-load power. During each run, the number of revolutions
and torque were recorded by a torque sensor on the stirrer shaft,
allowing the calculation of Ep,.

3. Results and discussion
3.1. Initial suspension formulation

3.1.1. Influence of solid mass fraction (wgya) on suspension viscosity

Fig. 2 shows the viscosity of the suspension at different wya. It can be
observed that the higher the solid loading, the higher the slurry viscosity
is, with a slight increase between wys = 0.40 and wyu = 0.50 compared

Table 3

Vendor provided nominal and measured grinding media sizes. The measured
values show the average and the standard deviation obtained from three
measurements.

Nominal xgp Measured x;0 Measured xs¢ Measured x99

value (mm) value (mm) value (mm) value (mm)
0.35-0.45 (0.4) 0.32 + 0.01 0.39 +0.01 0.45 + 0.01
0.6 0.55 + 0.01 0.71 £ 0.01 0.93 £ 0.01
1.0 0.76 + 0.01 1.15 + 0.01 1.85 + 0.03

Ceramics International 48 (2022) 24953-24964
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Fig. 2. Viscosity-shear rate curves obtained for several suspensions containing
different solid mass concentrations.

with the pronounced rise observed at wyy = 0.55. Within a similar
volume, the high solids content increases the resistance to gradual
deformation by shear stress due to the higher number of entities with a
reduced space to move. Suspensions exhibited a shear-thinning behav-
iour over the whole shear rate range, more pronounced on suspensions
with higher concentrations. The suspension at wys = 0.50 showed the
most suitable behaviour as a highly loaded suspension in terms of
experimental handling for the SBM process and the subsequent spray-
drying process. This concentration was kept constant for the rest of
the work. Suspensions with wy, higher than 0.55 showed handling
difficulties and adverse phenomena produced by the suspension insta-
bility, such as sedimentation. For this reason, it was not possible to
perform their measurement.

The shear-thickening behaviour observed at a high shear rate for the
samples with higher concentrations will be also observed in the next
rheological analyses although our explanation will be only offered in
this section. This phenomenon was already observed by Bergstrom [43]
in his study on the rheological behaviour of concentrated ceramic sus-
pensions. He observed that concentrated aqueous silicon carbide sus-
pensions showed a strong, sometimes discontinuous, shear thickening.
He attributed this behaviour to a possible hydrodynamic clustering,
where anisotropic particles will be strongly affected by flow changing
the suspension structure. Thus, altering the resistance to flow at some
critical shear rate. This shear thickening behaviour seemed to increase
with the suspension concentration. This transition to shear-thickening is
sample-specific and other factors like particle size (distribution) and
particle shape may control it [44].

3.1.2. Dispersing agent content

The amount of dispersing agent DC needed to obtain well-stabilized
suspensions was determined through different preliminary analyses.

First, the zeta-potential evolution of the initial HA particles in an
aqueous suspension was analysed. The changes in the zeta potential at
different DC concentrations can be observed in Fig. 3a. In the range
studied, a concentration >2.1 mg m™~2 of DC the zeta-potential value
exceeded the targeted limit of —30 mV, thus indicating that there is a
sufficient number of negatively charged particles that could trigger their
repulsion and prevent the flocculation. The pH of the measured samples
was 9.5 £+ 0.2 at 25 °C, as previously explained it was attributed to the
basicity of HA particles. The different concentrations of DC tested did
not show any significant alteration of the pH measured.

Secondly, the influence of the dispersant DC concentration on the x5
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slurry ground at E,, = 2880 kJ kg~* with a HA solid mass fraction of 0.20.

of the HA particles in a ground suspension (Table 2— run 1) at wya =
0.20 was evaluated. The evolution of the x59 of the HA particles at
different DC concentrations is shown in Fig. 3b. For concentrations
higher than 0.84 mg m~2 of DC, the x5 of ground particles was reduced
until it entered in our targeted range of particle size values (0.2 pm <
x50 < 1.5 pm) at a DC dosage of 2.1 mg m~2. An initial increase of the
particle size is noticed at low dispersant concentrations, which leads us
to hypothesize that a particle-binding bridge process between the HA
particles is taking place due to an insufficient dispersant covering de-
gree, leaving free surface sites exposed to interaction. Then, by
increasing the dispersant concentration, the coverage is increased and
the repulsion of the particles could be triggered. The third study was the
evaluation of the sedimentation behaviour of these suspensions, which
contain different DC dosages. The suspensions were magnetically stirred
for 10 min and different aliquots of 10 ml of suspension were poured into
nine different test tubes. To evaluate the sedimentation behaviour,
photographs of the tubes after 48 h and after 4 weeks were taken for
comparison (Fig. 3c). It can be observed how at very low DC concen-
trations the sedimentation behaviour shows minor changes compared
with the absence of dispersant. Instead, for the concentration range from
0.042 to 0.21 mg m ™2 faster sedimentation is observed, and at the end of
the experiment, the final sedimentary volumes of these samples were
more important than for the rest of the tubes. It is indicative of the
dispersion state. When the interparticle forces are highly attractive,
large and loose-packed flocs are formed, resulting in a more important
and less dense sedimentary volume [20]. From a DC concentration of

0.42 mg m 2 the dispersant starts triggering the deflocculation of the
particles showing a slower settling velocity and producing a minor but
dense sedimentary volume. The stability of aqueous solutions of anionic
polyelectrolyte dispersants has been largely explained in previous
studies [45,46], describing how the dispersant dosage may affect the
adsorbed layer conformation and hence the flocculation and stabiliza-
tion of the suspensions containing HA particles.

The effect of the DC dosage on the rheological behaviour of the
suspensions containing initial HA powder (wga = 0.50) was evaluated.
The rheograms obtained can be observed in Fig. 4. It was observed that
in presence of dispersant, the suspensions show a close to Newtonian
behaviour over the studied shear rate, while the sample without
dispersant showed a shear-thinning behaviour.

The first sharp decrease in viscosity is observed at low DC concen-
tration (0.42 mg m~2), then the viscosity tends to increase gradually as
the DC concentration is increased beyond 0.42-2.10 mg m™2. It is not
easy to find a clear explanation for the mode of stabilization that could
be due to steric interactions between the adsorbed DC layers and/or to
electrostatic interactions, due to an increase in the surface charge.

To complete this study, the viscosity of the commercial DC (aqueous
solution) was studied showing a higher viscosity than pure water (7.5 x
1072 Pa s at 25 °C). The increase of viscosity at shear rate 100 s~ with
the concentration in a Darvan C-Water system was found to follow (R% =
0.98) the equation below:

Inn = -5.03 + 0.12 Cpc 3
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Fig. 4. Viscosity-shear rate curves obtained for several suspensions at wys =
0.50 before grinding process containing different dispersant DC concentrations.

Where n (Pa.s) is the viscosity of the system and Cpc (mg.m’z) the DC
concentration in an aqueous solution.

The relative viscosity of the suspensions (not reported here), ob-
tained from the ratio between the viscosity of the suspension and the
viscosity of the medium, for the different suspensions containing
different amounts of DC, no longer shows an increase in viscosity when
the DC concentration is increased beyond 0.42-2.10 mg m™2. Thus, the
observed increase in the viscosity of the HA-filled slurries when the DC
concentration is increased, as shown in Fig. 4, can be simply explained
by the increase in the viscosity of the medium. Thus, indicating that
most of DC is not absorbed and remains in the solution. That can be
explained by the lower specific surface area available in the initial HA
particles (0.8 + 0.1 m? g~ 1) compared with the ground particles (23.8 +
6.0 m? g~1) obtained after the milling process for which the amount of
DC was optimized.

3.2. Effect of grinding operating parameters

Firstly, the repeatability of the process for the particle size of the
product obtained can be noted in Fig. S1 (supplementary material)
where the mean value and standard error for the same run (Table 2 —
runs 2) performed three times under identical conditions are reported.

To do not overextend the present paper the study of the impact of
additional operational parameters was relegated outside of the scope.
An example is the grinding media filling degree (¢¢p) which was settled
to values between 75 and 85% of the total volume of the chamber for the
experiments performed. It has been recently demonstrated by Guo et al.
[47], using a vertical stirred media mill, that the PSD uniformity is
generally independent of the ¢gp, although a higher ¢gy produces finer
particle size at the same specific energy input. The increase of the
grinding media filling rate increases in turn the collision frequency
leading to a higher frequency of impacts on the material during the
ball-ball collision [48].

3.2.1. Stirrer speed (V)

The rotation speed of a stirred mill is considered one of the most
important factors affecting the grinding performance. It affects the
collision intensity between beads, and hence the interactions with ma-
terial particles to be ground. To study the influence of the stirrer speed
on the SBM process results runs with different stirrer speeds (V,=3.8, V,
=5.7,and V, = 11.5 m s~ 1) were performed (Table 2 — runs 2, 3, 4)
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keeping the rest of the conditions identical between runs. These V;
correspond to 1000, 1500, and 3000 rpm respectively. Fig. 5a shows the
evolution of the particle means size versus the grinding time. Increasing
the stirrer speed increases the breakage kinetics and smaller particle size
is reached for the same grinding time. This phenomenon agrees well
with those reported on the impact of stirrer speed for YSZ beads; indi-
cating that increasing stirrer speed results in a faster apparent breakage
rate [49-51].

Fig. 5b shows the relation between the particle size x50 and the
specific energy E,, at different stirring speeds V,. If we compare both
graphs 5a and 5 b, the difference of amplitude between curves is sig-
nificant. It indicates that higher stirrer speed consumes lower energy to
reduce the particle size until the desired product size. This observation
differs from the observed in literature where the energy consumption
increases at higher stirrer speed to reach a defined particle size. Indeed,
for constant specific energies, the product becomes finer increasing the
speed. It could be explained by the nature of the initial powder, which is
composed of aggregates made of smaller particles [52]. The HA powder
used in our study could then be defined as a weak material because of its
capability to be ground [53]. When a certain value of specific energy is
surpassed, the aggregates break rapidly into particles with a much
smaller size than the initial aggregates. That could explain the verticality
of the curves reaching relatively fast the final plateau in which adding
higher energies does not decrease the particle size. Increasing the stirrer
speed, the number of collisions and the stress intensity both increase
however for weak materials the milling process depends more on the
collision probability than the energy needed to break particles. Indeed,
the supplied energy only needs to be at least equal to the required for the
breakage of the aggregates. In addition, the operating time must be long
enough for all aggregates to have the opportunity to be subjected to the
stress of beads or the probability of collision must be boosted by
increasing the stirrer speed [54].

A comparison of the whole size distribution at similar specific en-
ergies for the runs performed at different stirred speeds is shown in
Fig. 6. At 660 kJ kg ™! (Fig. 6a), it can be observed how a contraction of
the size distribution is more rapidly reached by increasing the agitation
speed. For this E,, value, the PSDs of the suspensions show different
grinding stages, being the grinding of suspensions from V, = 3.8 m s~}
and V; = 5.7 m s~ ! still incomplete. It is not until higher specific energies
(Fig. 6b) that the suspensions at lower stirrer speeds experience a PSD
transformation from bimodal to unimodal to finally all suspensions have
nearly similar PSDs reaching the complete grinding stage. The obtention
of finer particle size at the same specific energy input supports the
importance of using a higher stirrer speed for a more efficient and time-
effective milling process. A similar tendency was observed in suspen-
sions at wya = 0.50.

3.2.2. Grinding media size (xgn)

There are different factors to consider at the time of choosing the
right type of grinding media like size, beads filling degree, contamina-
tion, cost, shape ... depending on the application. The diameter of the
grinding media will define the efficacy of the milling process since it can
output diverse PSDs of the material supplied to the mill for the same
duration. Tanaka [55] derived an empirical equation to calculate the
optimum diameter in ultrafine wet milling processes under given con-
ditions (i.e. particle size and strength and ball or bead density and
hitting speed). Since the inherent strength of the material is not precisely
known, these indications cannot be easily applied but it gives one idea of
the influence of bead size in a wet stirred milling process.

Two different mean grinding media sizes (xgpr = 1.0 mm and xgpy =
0.4 mm) were used on different runs (Table 2 — runs 5, 6) of the SBM
process by keeping the rest of the operational parameters identical and
the median particle sizes and PSDs obtained are compared in Fig. 7. For
a given specific energy, faster production of finer particle size and a
monomodal distribution occurs when using xgy = 0.4 mm, thus yielding
a different product quality. A similar decrease in the median particle size
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and the width of the size distribution decreasing the bead size was also
reported on TiO, dispersion [56] while a quite different effect was
observed on the grinding of talc [52]. For the talc which is a lamellar
material, the minimum fineness was reached for intermediate bead size,
and an increase in the width of the distribution was obtained using the
largest beads. More recently, Li et al. [57] concluded that optimal bead
size decreased upon an increase in the stirrer speed. It was explained by
the two counter-acting effects of bead size: more bead-bead collisions
(more stressing events) with less energy/force (lower stress intensity)
upon a decrease in bead size. Strobel et al. [58] also observed that the
bead size affects the flow pattern of the suspension through the milling
chamber. They found that for a small bead size (0.5 mm in their study),
different milling bead packing densities arise in the mill chamber
resulting in different flow rates through those zones. The suspension
evades regions with high bead concentrations inside the mill. It results in
a large fraction of non-stressed particles and at the same time many
impacts on stressed particles which could help to explain the multimodal
profile of the PSDs.

3.2.3. Solid mass fraction (wya)

A comparison of the effect of the suspension solid concentration on
the quality of the product during the milling process is shown in Fig. 8.
To analyse this effect, runs (Table 2 — runs 7, 8, 9) with different con-
centrations (wyy = 0.10, wyy = 0.30, and wyy = 0.50) were performed
keeping the rest of the conditions (V;, xgp, DC dosage ...) identical be-
tween runs. This wya range (wga = 0.10 to wya = 0.50) comprises all
concentrations used during the runs carried out for the present study.

Fig. 8a shows the evolution of the particle mean size (x5¢) versus the
grinding time. It is observed that for the same process duration finer
mean particle size is obtained when the solid concentration is lower.
However, when comparing the particle mean size versus the specific
energy, the effect of the solid concentration can be truly followed. It can
be deducted that for an equal specific energy input spent, the higher is
the load of the suspension the finer is the mean particle size obtained. It
indicates that a higher process energy efficiency is reached in highly
loaded suspensions. Similar results were observed on the dispersion of
TiO4 [56] but an opposite effect was reported on other materials [38,58]
for which an inverse proportion between milling efficiency (capturing
efficiency of the product particles by milling beads collisions) and sus-
pension viscosity was observed. In the present study, such an effect was
not noticeable. It could be explained by the smaller difference magni-
tude between suspensions viscosities (cf. next section) within the wyy
range in our work compared with the above-mentioned studies.

We could then conclude that the importance of the control of the
suspension formulation (Darvan C dosage, and HA solid mass fraction)
and the operational conditions of the mill (stirrer speed, grinding media
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size, ...) has been proved through the studies performed in Sections 3.1
and 3.2. In addition, we were able to adjust these conditions to tune the
final HA particles properties. Highly loaded stabilized suspensions with
finely ground HA particles in an x5 range of 0.2-1.5 pm could be pre-
pared for its use as suspension feedstock in a spray-drying process.

A wide range of operating parameters gave a product meeting the
targeted characteristics; however, it was demonstrated that by using a
faster stirrer speed (V; = 11.5m s’l), smaller grinding media size (xgm
= 0.4 mm), and higher solid concentration (wya = 0.50) is possible to
reduce the energy consumption in the process reaching a higher energy
efficiency.

3.3. Characterization of slurries and powder products

3.3.1. Physico-chemical properties of ground powders

Fig. S3 shows the XRD and FTIR spectra of ground powders (Table 2 —
runs 6, 10 respectively) to the initial powder. Through the XRD analysis
(Fig. S3a) of the powders, the maintenance of the calcium phosphate
phase (stoichiometric hydroxyapatite (JCPDS 00-009-0432)) and crys-
tallinity state can be verified as unaltered, as well as no secondary
phases were detected [5]. The FTIR analysis (Fig. S3b) also confirmed
the absence of relevant changes in the chemical composition of the HA
powder after the SBM process. The vibration bands corresponding to
PO, are visible at 1092 cm™}, 1040 cm ™!, 962 cm ™!, 601 em™}, 575
em™!, 561 cm™), as well as the band belonging to OH™ at 650 cm ™+ and
3600 cm ! [5,59]. The band at 1400 cm ! was attributed to the vi-
bration band from C-H bending from the methacrylate backbone of the
dispersant DC [60]. Whether or not the presence of DC affects the pos-
terior spray-drying step is detailed in another paper [22].

SEM micrographs of the freeze-dried powder after the SBM process
(Table 2 — run 5) are shown in Figure S2. The size of the particles
observed would confirm the PSD measured by laser diffraction. The
ground (2.97 + 0.01 g cm_s) and initial powder (3.10 +£ 0.01 g cm_?’)
densities were measured with no clear alteration between them. Only a
slight difference which was attributed to the measurement accuracy of
the equipment used.

The chemical analysis of the product with ICP-AES equipment
allowed us to characterize accurately the presence of species coming
from the grinding chamber and grinding media wear. It is known that
grinding media wear can be minimized by applying optimal media
diameter, specific energy input, and stirrer speed [61]. The species
analysed were Fe, Zr, and Y, and an example of how an operational
parameter, such as the stirrer speed V,, can influence its production is
illustrated in Fig. 9. To reach the same particle size, three different runs
(Table 2 — runs 2, 3, 4) were performed at three different speeds (3.8,
5.7,and11.5m s’l), then samples were collected at different times (135
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Fig. 8. Influence of wys on SBM product quality. a) Particle mean size versus grinding time. b) Particle mean size versus specific energy.
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Fig. 9. ICP-AES elemental analysis of Fe, Zr, and Y of the final product obtained
by three different SBM process runs (Table 2- runs 2,3,4). Samples were
collected once the same particle size objective (xs5o = 0.8 pm) was reached.

min, 30 min, and 5 min, respectively) once an objective median particle
size (x50 = 0.8 pm) was reached. As we mentioned before, one of the
runs (Table 2 — runs 2) was performed three times under identical
conditions to report the standard error and repeatability of the con-
centration of the species. In this study, the generation of the grinding
media and chamber wear was minimized using the highest stirrer speed.

The presence of trivalent ions (e.g., Fe>") can have an important
effect on suspension’s rheology due to the interaction with anionic
polyelectrolytes such as, Darvan C [62]. However, no further research
was followed in this sense. Since, deeper study on the selection, opera-
tion and optimization of the process to minimize the grinding media
wear and its effect was out of the scope of this paper. A wear reduction
could be done by changing the material of the grinding chamber and
stirrer, from stainless steel into ceramic or polymer, which is equally
available commercially, avoiding or minimizing the generation of these
species.

3.3.2. PSD evolution with grinding time

The evolution of the PSDs during SBM runs (Table 2 — runs 10, 11)
with two different sets of parameters are shown as example in Fig. 10.
Initial particle population having a median size of x50 = 21.20 pm ex-
periments a gradual reduction during the SBM process. Final pop-
ulations of micron and submicron particles can be obtained for different
grinding times. In addition, a different combination of parameters can
have diverse effects on the uniformity of the PSDs. SBM process
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parameters could be tuned to pursue a determinate PSD depending on
the application.

3.3.3. Rheological behaviour of the ground suspension

The effect of the grinding time on the rheological behaviour of the
suspensions was evaluated by taking aliquots at different times during
an SBM process. The parameters of this SBM experiment (Table 2 — run
11) together with the rheograms can be observed in Fig. 11. A tendency
of the rheological behaviour to turn into shear thinning with the
grinding time was detected, therefore for a given solid concentration,
this effect is more pronounced for suspensions with smaller particles.
After 10 min of the process, an increase of the viscosity is observed at
low shear rates with the increase of the grinding time (or decrease of the
particle size). For a given solid mass fraction and the same volume, the
smaller the particle size the higher the number of particles present. Thus,
the particle surface area can be several orders of magnitude higher. Very
small particles show Brownian motion acting against an applied shear
force [63]. A clear shear-thinning behaviour is observed for the sus-
pensions containing particles of smaller sizes. It could be due to a more
favourable rearrangement of small particles to the flow direction. A
higher grinding time increases the PSD span, increasing the maximum
packing density as space can be filled more efficiently.
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Fig. 11. The viscosity-shear rate curves obtained for suspensions ground at
different grinding times (Table 2— run 11).
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4. Conclusions

HA highly loaded suspensions were successfully ground and the
additive DC was demonstrated to be an efficient dispersant additive
altering the zeta potential of the particles and thus stabilizing the sus-
pensions, better at a concentration of 2.1 mg m 2. For this specific
material, at the same specific energy values, faster stirrer speed (V; =
11.5m s’l), smaller grinding media size (xgy = 0.4 mm), and higher HA
solid concentration (wya = 0.50) shorten grinding times obtaining finer
particles. Indeed, the increase in stirrer speed showed a lower genera-
tion of grinding chamber and media wear during the process. The
explanation for the low specific energy spent to perform the milling of
the product comes from the weakness of the initial HA aggregates and
the relatively low viscosities of the ground HA products even in fairly
loaded suspensions. No significant increases in viscosity were observed
for the suspensions in the conditions studied, thus keeping their
processability.

The production of suspensions with characteristics and properties
suitable for a subsequent spray-drying step (wgs > 0.50; x50 = 0.2-1.5
pm; viscosity <0.1 Pa s) was possible by SBM process. And this was
possible without major alteration of the composition or the structural
phase of the initial HA product. As mentioned in the introduction, the
utilization of these suspensions via the spray-drying process and the
subsequent PBF additive manufacturing process was already explored
[22,23].

The reduced specific energy cost and shorter processing time
compared to other ball milling processes make SBM an attractive tech-
nique as a first step in the production of hydroxyapatite powder for PBF
technologies.
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