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A B S T R A C T

The purpose of the study was to investigate the relationship between comminution and amorphisation of
a-lactose monohydrate particles during ball milling under different milling conditions, including ball-to-
powder mass ratio, milling time and ball diameter. The results revealed that at a constant ball filling ratio,
ball-to-powder mass ratio of 25:1 resulted in the lowest minimum particle diameter of �5 mm and the
highest degree of apparent amorphous content of 82%. The rate of comminution was high during early
stage of milling whereas the degree of apparent amorphous content increased gradually at a slow rate. An
increased ball-to-powder mass ratio during milling increased both the rate of comminution and the rate
of amorphisation. Using a given ball-to-powder mass ratio, the ball diameter affected the degree of
apparent amorphous content of the particles while the particle diameter remained unchanged. The
relationship between comminution and amorphisation could be described as consisting of two stages, i.e.
comminution dominated and amorphisation dominated stage. It was proposed that the rate constant of
comminution and amorphisation are controlled by stress energy distribution in the milling jar and the
stress energy distribution is regulated by the ball motion pattern that can be affected by the process
parameter used.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the formulation of complex solid chemical systems, the
control of the nature of the solid state of the ingredients is
important. Since the amorphous state sometimes possesses
valuable formulation properties compared to the crystalline state,
such as increased particle dissolution rate (Bahl et al., 2008;
Murdande et al., 2010) and powder compactibility (Sebhatu and
Alderborn, 1999; Vromans et al., 1987), the interest in using and
understanding amorphous powders is evident in order to prepare
particles with tailored formulation properties.

Milling of powders is commonly used in chemical and
pharmaceutical manufacturing and a frequently used milling
apparatus is the planetary ball mill. An obvious and frequent use of
ball milling is the size reduction (comminution) of particles into a
suitable particle size distribution, e.g. to improve dissolution
properties of a drug (Branham et al., 2012). However, the high
stress level that particles are subjected to during ball milling may
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induce changes in other physical characteristics of the particles,
such as the induction of crystal defects and the transformation to
an amorphous solid or another polymorphic phase. Therefore, ball
milling have also been used for other applications, including
mechanical alloying and mechano-chemical reactions (Alex et al.,
2014; Zduji�c et al., 2009), preparation of cocrystals and coamor-
phous systems (Friš9ci�c and Jones, 2009; Sovago et al., 2016) and the
preparation of an amorphous form of a crystal solid (Caron et al.,
2011; Karmwar et al., 2012). There are thus three main applications
of ball milling, i.e. particle size reduction, mechano-chemical
synthesis (including the preparation of cocrystals) and solid state
disordering or amorphisation of solids. Solid state disordering by
milling may thus be an objective per se in order to functionalize
particles to be used in a solid formulation. Since the disordered
state shows different chemical and physical properties than the
crystalline state, partial particle disordering may also represent an
inadvertent effect when the primary application is another. Thus,
the understanding of the mechanisms of amorphisation and how
the apparent amorphous content of particles evolves during ball
milling is important.

A single particle is considered (Newman and Zografi, 2014) to
respond to the stress to which it is subjected during milling by
fracturing followed by disordering or amorphisation, i.e. a
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sequential process of two events. Regarding the second event, two
conceptions are used in literature to describe the mechanism of
disordering. The first mechanism is the formation of amorphous
domains through a melting-solidification process, i.e. a vitrifica-
tion, and the nature of the disordered particle is represented by a
two-state system with amorphous and crystalline domains. The
other disordering mechanism is the creation of defects and the
formation of amorphous regions at a critical defect density. Thus,
the nature of the disordered particle is in this case represented by a
one-state system. These two disordering mechanisms have been
denoted (Newman and Zografi, 2014) type 1 (vitrification) and type
2 (defect induction) disordering respectively. In other papers
(Dujardin et al., 2013), the type 2 disordering process has
alternatively been described in terms of crystallite fragmentation
followed by a fusion of crystallites into an amorphous phase at a
critical crystallite size.

The milling conditions inside a planetary ball mill are complex
and depend on the material properties and on the processing
parameters used. According to the literature, important examples
of process parameters affecting the milling process are the size and
mass of the balls, the ball-to-powder mass ratio (charge ratio), the
ball filling ratio, the mill velocity, and the milling time (Descamps
and Willart, 2016; Rosenkranz et al., 2011; Sato et al., 2010;
Shashanka and Chaira, 2015). A fundamental aspect of ball milling
is the force or energy that is transferred from the balls to the
particles during ball milling which has been addressed for example
by modelling of the milling process (Ashrafizadeh and Ashrafi-
zaadeh, 2012; Feng et al., 2004; Mio et al., 2004; Sato et al., 2010;
Stender et al., 2004). It is suggested that high forces or energies are
generated by impaction and that the average energy transferred to
the powder at each impact and the frequency of impacts are the
two most important factors determining the outcome of a
comminution process. However, it has also been suggested (Pazesh
et al., 2013) that another contact process between particles, i.e.
sliding, may also lead to the disordering of particles. Thus, both
compression forces due to impaction and friction forces due to
sliding may play a role in the evolution of particle amorphicity.

A critical aspect on the translation of the conception of
sequential steps of comminution and disordering from the single
particle scale to the powder scale is the rate constants of the
respective process. It is reported (Caron et al., 2011) that
amorphisation upon milling occurs during long times while
particle size reduction occurs at an early stage of milling with
only limited amorphisation of the particles. Thus, the conception of
a step wise processing on the single particle scale may also be
applicable to the collective response of the particles during powder
milling. The rate constants of both processes are probably strongly
affected by the energy conditions in the milling jar and the energy
condition in the milling jar is dependent on the ball motion pattern
(Burmeister and Kwade, 2013; Rosenkranz et al., 2011).

We conclude that in order to understand how milling
operations should be designed to reach the desired purpose of
the process, there is a need to increase our knowledge on the
kinetics of comminution and amorphisation and how the rate
constants of the processes can be controlled by the energy
conditions. The objective of this paper is to investigate the
relationship between particle comminution and amorphisation
Table 1
Milling condition used during ball milling.

Milling experimental set-up 1 

Ball-to-powder mass ratio 25:1, 13:1 and 6:1 

Ball diameter (mm) 5 

Milling time (min) 1, 10, 30, 60, 300, 600 and 1200 
during ball milling under different milling conditions, i.e. ball-to-
powder mass ratio, milling time and ball size, which are expected
to give different ball motion patterns and stress energy conditions
in the milling jar. a-lactose monohydrate, a commonly used
pharmaceutical excipient in solid formulations, was used as model
material.

2. Materials and methods

2.1. Materials

Two qualities of a-lactose monohydrate with different labelled
particle size, Pharmatose1 200M and 450M (DFE Pharma, the
Netherlands) were used.

2.2. Methods

2.2.1. Milling operation
Ball milling of lactose powders was performed in a planetary

ball mill (PM 100 CM, Retsch, Germany). The milling operation was
carried out in a stainless steel milling jar with a constant volume of
12 cm3 and a diameter of 3 cm using balls of the same material of 1,
5 and 10 mm in diameter. The rotation speed of the solar disk
(revolution speed) and the rotation speed of the milling jar
(rotational speed) were set to 400 rpm, where the solar disk was
moved in normal and the milling jar was moved in counter
direction, i.e. a speed ratio of 1:-1 was used. The milling
experiments were performed in humidity controlled room at
25 �C and 30 � 3% relative humidity (RH).

Three milling experiments with different set-ups were done,
summarized in Table 1. In all milling experiments, a constant
volumetric ball filling ratio (the ratio between the total volume of
the milling balls to total volume of the milling jar (Schmidt et al.,
2015)) of 0.27 was used. In the first set-up of milling experiment,
ball-to-powder mass ratios, hereafter denoted BPM, of 25:1, 13:1
and 6:1 were used and the samples were milled for 1, 10, 30, 60,
300, 600 and 1200 min using balls with a diameter of 5 mm. In the
second set-up of milling experiment, balls with a diameter of 5 mm
and BPM ratios of 25:1 and 13:1 were used. For the BPM ratio of
25:1, the samples were milled for 1, 3, 5, 7 and 10 min and for the
BPM ratio of 13:1, the samples were milled for 1, 3, 5, 7, 10, 15, 30
and 45 min. In the third set-up of milling experiment, balls with
diameter of 1 mm and 10 mm were used. For these samples a BPM
ratio of 25:1 were used and the sample were milled for 300 min
and 1200 min. For the milling times exceeding 20 min, a
combination of milling periods and pause periods was applied
to allow cooling of the jar and thus minimize heating of the sample,
i.e. after each milling period of 20 min a pause period of 5 min was
used.

2.2.2. Particle size distribution
The particle size distributions of the original crystalline and the

milled lactose powders milled in the first set-up of milling
experiment were measured using a laser diffraction instrument
(Malvern Mastersizer, long bed instrument, Malvern, U.K.)
equipped with a 300 mm Reverse Fourier lens. Particle size
distributions of milled lactose powder milled in the second and the
2 3

25:1 and 13:1 25:1
5 1 and 10

1, 3, 5, 7, 10 and 1, 3, 5, 7, 10, 15, 30, 45 300 and 1200
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third set-up of milling experiments were measured using another
laser diffraction instrument (Coulter LS230; small volume module
plus, Coulter Corporation, Miami, U.S.A.). For all particle size
measurements, approximately 100 mg of lactose powder was
poured into 5 ml of 2-propanol and sonicated in a water bath
(Branson Ultrasonic Cleaner B5210E-MT; Branson Ultrasonics Co,
Danbury, U.S.A.) for 10 min at a frequency of 47 kHz � 6%. The
sonicated sample was then added into the measuring cell
containing 2-propanol using a stirrer speed of 2200 rpm. Size
measurement of each sample was analyzed with a dispersant
refractive index of 1.378, a particle refractive index of 1.533 and an
imaginary refractive index of 0.1. The particle diameter was
calculated according to the Fraunhofer theory.

From the volume distributions thus obtained, the median
particle diameter and the span in diameter (defined as (d0.9-d0.1)/
d0.5) were determined. In addition, number distributions of
particle diameter were calculated from the volume distributions
by estimating the number of particles per fraction as the ratio
between the volume of particles in the fraction and an
approximation of the volume of a single particle, using the median
size of the fraction. Reported particle diameter distributions are
the average of five measurements.

As an indication of the reduction in particle size with time, a
comminution rate constant (kp) was calculated using a decay
equation (Mio et al., 2004):

Dt

D0
¼ 1 � Dl

D0

� �
exp �kpt

� �þ Dl

D0
; ð1Þ

where Dt is median particle size of the milled sample at time t,Dl is
the minimum median particle size achieved during milling, D0 is
median particle size of the original crystalline lactose powder, kp is
the comminution rate constant. The comminution rate constant
Fig. 1. Scanning electron microscopy images of original lactose powde
(kp) and its standard deviation was obtained by fitting Eq. (1), using
the non-linear Levenberg-Maquardts curve fit algorithm (in-house
Visual Basic Excel macro), where approximations of the minimum
particle diameter (Dl) (Table 5) were used. For BPM ratios of 25:1
and 13:1 the data from the second set-up of milling experiment
and for BPM ratio of 6:1 the data from the first set-up of milling
experiment (Table 1) was used in the fit.

2.2.3. Apparent amorphous content
The degree of apparent amorphous content in the milled

samples were determined using Raman spectroscopy (Enwave
Optronics Inc., SLSR-ProTT analyser, Irvine, U.S.A.) equipped with
TE cooled CCD detector and a laser source with an excitation
wavelength of 785 nm. The experimental methodologies devel-
oped to quantify apparent amorphous content of the milled
samples and sample preparations to construct a standard curve for
quantification analysis have been described in detail in a previous
work (Pazesh et al., 2016).

Briefly, to construct a standard curve, Raman spectrum
measurements were performed on a set of physical mixtures of
crystalline and amorphous lactose. A straight baseline approach
was used to subtract the background from the measured Raman
spectra, whereafter the spectra were normalized to the integrated
area. PCA was made on this set of background corrected and
normalized spectra giving the first principal component (1:st PC)
explaining more than 99% of the variance. With the scores for the
1:st PC for the different mixtures, a standard curve equation,
relating score values to fractions amorphous lactose, was
established. To quantify the apparent amorphous content in the
milled samples, the scores from background corrected and
normalized Raman spectra of milled samples were put in the
standard curve equation. The scores, in turn, were obtained by
rs of quality 200M (upper panel) and quality 450M (lower panel).
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multiplying (dot product) the spectral values vector with the 1:st
PC loadings vector obtained from the set of standard samples.

The loadings and standard curve equation for 200M lactose was
taken from (Pazesh et al., 2016) while a new standard curve, by
corresponding loadings and standard curve equation, was obtained
by the same principles for the 450M quality in this work. Note
however that in this study, that in the determination of loadings for
the establishing of the standard curve for lactose of the 450M
quality, merely five measurements at 100% crystalline and 100%
Fig. 2. Scanning electron microscopy images of lactose powders of quality 200M milled fo
and 6:1 (lower panel).
amorphous lactose were made. For the 450M quality the average
standard deviation amongst standard samples, as a measure of
precision, was 1.03%. Further the root mean deviation (RMSD) on
the deviation between the actual percentage amorphous content
of physical mixture and the by the standard curve determined
percentage amorphous content, as a measure of accuracy, was
0.92%. For the 200M quality the precision and accuracy were nearly
identical (Pazesh et al., 2016).
r 10 min using ball-to-powder mass ratios of 25:1 (upper panel),13:1 (middle panel)
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As an indication of the increase in apparent amorphous content
with time, an amorphisation rate constant (ka) was calculated
using the following equation:

AACt ¼ AAClð Þ � 1 � ex �katð Þð Þ; ð2Þ
where AACt is apparent amorphous content of the milled sample at
time t, AACl is an approximate steady state apparent amorphous
content, ka is the amorphisation rate constant of the lactose and t is
the milling duration. The amorphisation rate constant (ka), the
plateau value (AACl) and the standard deviations of these were
Fig. 3. Scanning electron microscopy images of lactose powders of quality 200M milled
panel) and 6:1 (lower panel).
obtained by fitting Eq. (2), using the non-linear Levenberg-
Maquardts curve fit algorithm (in-house Visual Basic Excel macro).
The data from the first set-up of milling experiment (Table 1) was
used in the fit.

2.2.4. Scanning electron microscopy (SEM)
Small amounts of samples of crystalline and milled lactose were

attached to metal stubs by double-adhesive carbon tape and then
sputter-coated with a thin layer of Au/Pd under argon in a sputter
coater (Polaron, Quorum Technologies Ltd., Newhaven, U.K.).
 for 1200 min using ball-to-powder mass ratios of 25:1 (upper panel), 13:1 (middle



Table 3
The effect of milling time (up to 1200 min) and ball-to-powder mass ratio (25:1,13:1
and 6:1) on the median particle diameter and particle diameter span during milling
of lactose quality 450M.

Median particle diameter
(mm)

Span

25:1 13:1 6:1 25:1 13:1 6:1

Original crystalline lactose 17.38 17.38 17.38 2.89 2.89 2.89
1 min milled 11.48 11.48 17.38 3.36 3.34 2.52
10 min milled 8.71 13.18 17.36 3.85 3.36 2.52
30 min milled 5.75 11.50 17.34 5.10 3.87 2.54
60 min milled 7.59 9.35 15.14 4.43 4.14 2.92
300 min milled 7.59 9.37 13.18 3.25 4.12 3.36
600 min milled 8.71 8.71 11.51 4.32 3.65 3.85
1200 min milled 13.18 8.15 11.48 6.67 3.35 3.87
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Particle images were prepared by Scanning Electron Microscopy
(Leo (Zeiss), 1550 Schottky, Germany, equipped with SmartSEM
software) at magnifications of 1.0 kX, 5.0 kX and 10 kX using an
accelerating voltage of 2–3 kV. InLens SE detector was chosen for
high-resolution surface imaging.

3. Results

3.1. Morphology of original and milled particles

The lactose powders as received from the manufacturer and
here referred to as original powders, consisted of slightly elongated
crystals of markedly varying particle size (Fig. 1). The images
indicated that a substantial portion of the powders consisted of
micro-particles, i.e. about 1 mm. The larger crystals approximated a
tomahawk shape while the small micro-particles were irregular.
The shape and appearance of the crystals were similar between the
two lactose qualities (200M and 450M lactose). Agglomerates with
small particles adhered to the surface of the larger particles, i.e. a
type of agglomerates similar in appearance as an ordered mixture,
existed in the original powders.

In Figs. 2 and 3, images of lactose particles of the quality 200M
milled for 10 min (Fig. 2) and 1200 min (Fig. 3) using various ball-
to-powder mass (BPM) ratios are presented. Also here, the images
indicate a wide particle size distribution of the powders. The shape
of the particles was generally irregular for all particles sizes and
milling conditions and the tomahawk-shaped crystals thus tended
to disappear already at an early stage of milling. Ordered
agglomerates could be seen after milling for 10 min and
1200 min and in addition, after 1200 min of milling, small
micro-agglomerates of granular structure, i.e. consisting of clusters
of submicron-particles, could be observed. The formation of such
micro-agglomerates during milling seemed to occur to a much
more substantial degree during milling at a BPM ratio of 25:1
compared to BPM ratios of 13:1 and 6:1.

3.2. Particle size of original and milled particles

Particle size distributions of original lactose powders and the
powders milled for different time and various BPM ratios were
determined. The distributions were generally unsymmetric and
could not generally be described with a defined type of
distribution, such as a log-normal distribution. More on, both
unimodal and bimodal distributions were obtained. As statistical
measures of central tendency and spread, the median diameter and
the span were consequently calculated (Tables 2 and 3). The values
presented in Tables are derived from volume distributions of
particle diameter.

In Fig. 4, particle diameter distributions of the original powders
of both qualities (200M and 450M) are presented as both
Table 2
The effect of milling time (up to 1200 min) and ball-to-powder mass ratio (25:1,13:1
and 6:1) on the median particle diameter and particle diameter span during milling
of lactose 200M.

Median particle diameter
(mm)

Span

25:1 13:1 6:1 25:1 13:1 6:1

Original crystalline lactose 30.20 30.20 30.20 3.37 3.37 3.37
1 min milled 17.38 19.95 30.20 3.36 3.34 2.92
10 min milled 5.01 14.16 22.91 4.38 4.17 2.93
30 min milled 7.59 13.18 22.92 4.43 4.48 3.37
60 min milled 7.58 8.71 22.94 5.10 5.12 3.38
300 min milled 7.60 8.73 17.38 23.74 3.65 3.85
600 min milled 5.75 8.76 15.14 47.57 4.32 4.44
1200 min milled 13.18 8.73 11.48 5.10 3.25 4.46
cumulative number and cumulative volume distributions. The
particle diameter distributions were broad for both qualities. A
large number of micro-particles, i.e. around or below 1 mm, existed
in the powders, as also indicated by the SEM images. The 200M
quality had a broader diameter distribution with a larger fraction of
large particles than the 450M quality and the median particle
diameter differed consequently between the two qualities of
original powders, i.e. 30.20 mm (200M) compared to 17.38 mm
(450M) as derived from the volume distributions.

3.3. Effect of milling time and ball-to-powder mass ratio on particle
diameter

Representative examples of the effect of milling time (up to
60 min) using a BPM ratio of 25:1 on the cumulative number and
cumulative volume distributions of particle diameter are given in
Fig. 5. During milling up to about 10 min, the particle diameter
distribution shifted towards lower diameters but thereafter
increased milling times gave approximately unchanged particle
diameter distributions. One can notice that for the number
distributions, the effect of milling time on the particle diameter
distribution was limited. This is an effect of the very large number
of small particles present already in the original powder. The
volume distributions gave a larger discrimination between the
original and milled powders. Thus, in Tables 2–4, the presented
median particle diameters were determined from the volume
distributions.

The median particle diameter reduced due to milling for all BPM
ratios used but in some cases, the median particle diameter
increased at the longer milling times used (Tables 2 and 3). This is
explained by the formation of particle agglomerates that was not
disintegrated during the preparation of the suspension to be used
in the particle size analysis, i.e. erroneous values of the particle size
of the primary particles were obtained. As stated above, the SEM
images supported the existence of small agglomerates. Ignoring
the particle diameter data explained by agglomeration, approxi-
mately unchanged median particle diameters (here referred to as
the minimum particle diameter) were obtained for powders milled
at BPM ratios of 25:1 and 13:1 in relatively short milling times, i.e.
below 1 h. For these two milling conditions, a second set-up of
milling experiments was done using smaller steps in the increase
of milling time up to 45 min. For the BPM ratio of 6:1, the minimum
median particle diameter was obtained after considerably longer
milling times and this BPM ratio was thus not used in the second
set-up of milling experiments. The median particle diameter
determined from the second set-up of milling times are presented
in Table 4. Based on the relationships between median particle
diameter and milling time from both set-up of milling experi-
ments, the minimum median particle diameters (Dl) obtained
during milling were approximated (Table 5). In addition, the



Fig. 4. Cumulative number (A) and volume distributions (B) of particle diameter of original lactose powders of qualities 200M (circles) and 450M (squares).

Fig. 5. The effect of milling time (up to 60 min) on cumulative number (A) and volume (B) distributions of particle diameter during milling of lactose quality 450M using a
ball-to-powder mass ratio of 25:l.

Table 4
The effect of milling time (up to 45 min) and ball-to-powder mass ratio (25:1 and
13:1) on the median particle diameter during milling.

Lactose 200M Lactose 450M

25:1 13:1 25:1 13:1

Original crystalline lactose 30.20 30.20 17.38 17.38
1 min milled 17.38 19.95 11.48 11.48
3 min milled 9.45 10.52 12.13 10.27
5 min milled 5.37 17.14 6.39 10.46
7 min milled 6.16 8.87 7.91 10.34
10 min milled 5.01 14.16 8.14 13.18
15 min milled – 12.15 – 9.19
30 min milled – 13.18 – 11.50
45 min milled – 8.12 – 6.43

The second set-up of milling experiments was used to investigate the rate of
comminution during early stage of milling.
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milling time at which Dl was obtained was also approximated (tDl)
and reported in Table 5.

The rate of reduction in median particle diameter was
dependent on the BPM ratio. For the BPM ratio of 25:1, the
particle diameter of milled lactose powders decreased to about
�5–6 mm after about 5 min of milling for both lactose qualities. For
the BPM ratio of 13:1, the minimum particle diameter was slightly
larger, i.e. about �9 mm, and was reached after slightly longer
milling times for both lactose qualities, i.e. about 7–15 min. For the
lowest BPM ratio used (6:1), the particle diameter tended to
decrease within the whole time course of milling, i.e. an unchanged
minimum particle diameter was not obtained. In the comparison
with the other milling conditions, the lowest median particle
diameter recorded was considered as the minimum particle
diameter, i.e. �12 mm obtained after milling for 1200 min.
Although there was a clear difference in original median particle
diameter between the two qualities of original powders, both Dl
and tDl was similar between the original powders. Thus, the
relative reduction in minimum particle diameter (Dl/D0) was
higher for the 200M powder (lower ratio) compared to the 450M
powder (Table 5) during milling. In order to describe the kinetics of
the comminution process, a milling rate constant (kp) was
determined using a decay-equation which is based on the change
in relative diameter (Dt/D0) with time. The rate constant thus
represents an indication of the relative reduction in particle
diameter per time unit (here min).

The measured particle diameters scattered around the theoret-
ical curve making it difficult to calculate highly reproducible values
of the rate constant kp (Fig. 6), as indicated by the regression
coefficients and the standard error values reported in Table 5.
Especially for the BPM ratio of 13:1 high standard errors were
obtained. The scatter in median particle diameter around the
theoretical curve is related to the difficulty in determining a
reproducible particle size, i.e. both variations in particle size
distribution between samples and variations in the degree of
dispersion of the samples before measurement will contribute to
the variation. We have however no explanation why these
causative factors had the largest effect for the 13:1 BPM ratio.

The kp was dependent on the BPM ratio used and with similar
values between the two qualities of lactose. For the BPM ratios of
25:1 and 13:1, similar kp values were obtained while for the BPM
ratio of 6:1, lower kp values, about two orders of magnitude, were
obtained. The low kp values for the 6:1 BPM ratio reflects the effect



Table 5
The effect of ball-to-powder mass ratio on the minimum particle diameter, time at
which the minimum particle diameter was reached and comminution rate constant
(kp) during milling.

Lactose 200M Lactose 450M

25:1 13:1 6:1 25:1 13:1 6:1

Dl (mm) � 5 � 9 � 12 � 6 � 9 � 12
tDl(min) 5 7 1200 5 15 1200
kp (min�1) 0.664 0.561 0.010 0.387 1.044 0.006
Dl/D0 0.166 0.298 0.397 0.345 0.518 0.690
SD 0.029 0.185 0.007 0.091 0.713 0.001
R2 0.995 0.818 0.783 0.785 0.693 0.960

Dl: Approximated minimum particle diameter limit.
tDl: Time at which the minimum particle diameter was reached.
kp: Comminution rate constant.
Dl/D0: The relative reduction in minimum particle diameter using the approximat-
ed Dl.
SD: Standard deviation.
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of BPM ratio on the final state of the particles in terms of their
diameter and the processing time required to obtain this state.

3.4. Effect of milling time and ball-to-powder mass ratio on apparent
amorphous content

The two original powders were considered to be fully
crystalline and the process induced change in solid state properties
was expressed in terms of the apparent amorphous content of the
milled powders. The apparent amorphous content (AAC) was
determined for powders sampled from the first set-up of milling
experiments. The precision, expressed by the standard deviations
of the pentaplicates of determined amorphicity, was around 1%
(average of standard deviations over the 42 milling conditions was
0.91% � 0.59%). The differences in variation between the qualities
and between different BPM ratios were also negligible. Further, the
standard deviation showed no trend to with respect to milling
time.

The AAC increased with milling time for all BPM ratios used
(Fig. 7 and Table 6). During the early stage of milling for the
respective BPM ratio, i.e. milling times from 1 to 30 min, no or
modest apparent amorphous content were detected. Thereafter,
the AAC increased nearly linearly with milling time. However, for
the BPM ratios of 25:1 and 13:1, the AAC started to level-off after
milling times of 300 min. It seems thus that the relationship
between AAC and milling time tended to follow a sigmoidal course.
Fig. 6. The relationship between relative particle diameter and milling time during the ea
mass ratios of 25:l (blue circles), 13:1 (red squares) and 6:1 (green triangles). The solid
However, the initial phase with a slow amorphisation rate was in
relative terms short and a steady-state phase with a constant level
of apparent amorphous content was not obtained within the time-
course of 1200 min of milling, albeit approached for the BPM ratio
of 25:1 and 13:1.

Both the rate of amorphisation and the final AAC was highly
dependent on the BPM ratio. For the BPM ratio of 25:1, detectable
levels of AAC was reached within 10 min and the final AAC was 82%
and 83% for 200M lactose and 450M lactose respectively. For the
BPM ratio of 13:1, a minute amorphisation occurred during the first
30 min and the final AAC was 37% and 52% for 200M lactose and
450M lactose respectively. For the lowest BPM ratio used (6:1),
minute amorphisation occurred during the first 30 min and
thereafter the AAC increased nearly linearly up to an AAC of 6%
(200M) and 3% (450M). The fineness of the original lactose
powders had a limited effect on the evolution in AAC with milling
time.

A rate constant was also calculated for the amorphisation
process (ka) using an exponential equation considered to reason-
ably describe the experimental sigmoidal relationships. Using this
equation, R2-values above 0.931 and low standard error values
(Table 6) were obtained.

The steady state value of the apparent amorphous content
(AACl) was dependent on the BPM ratio (it should be emphasized
that for the 6:1 ratio the obtained (AACl) values are strongly
extrapolated values. Similarly, the rate constant for the amorph-
isation (ka) was dependent on the BPM ratio and similar for both
qualities of lactose. The effect of BPM ratio on ka seemed to differ
compared to the variation in kp with BPM ratio. For the
comminution, a similar course (Fig. 6) and rate constant kp
(Table 5) were obtained for BPM ratios of 25:1 and 13:1 while for a
BPM ratio of 6:1, the comminution rate was considerably lower. For
the amorphisation process, the rate constant ka changed in a more
gradual way with BPM ratio than kp. In addition, the kinetics of the
respective process was considerably different for the BPM ratios of
25:1 and 13:1 while for a BPM ratio of 6:1, both the comminution
and the amorphisation processes were slow.

3.5. Effect of ball diameter on particle diameter and apparent
amorphous content

In addition to study the effect of BPM ratio on the comminution
and amorphisation processes, the effect of ball size on the median
particle diameter and the AAC after milling of 200M lactose for
rly stage of milling of lactose qualities 200M (A) and 450M (B) using ball-to-powder
 lines are the respective fitted relationships using Eq. (1).



Fig. 7. The relationship between apparent amorphous content and milling time during milling of lactose qualities 200M (A) and 450M (B) using ball-to-powder mass ratios of
25:l (blue circles), 13:1 (red squares) and 6:1 (green triangles). The inserts show an expanded view of the degree of apparent amorphous content during early stage of milling
(up to 60 min).
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300 min and 1200 min was studied. In these experiments, a BPM
ratio of 25:1 was used, representing the most effective processing
condition used in this study, and balls of a diameter of 1 mm and
10 mm were used.

The median particle diameter (Fig. 8A) after milling was below
8 mm for both ball diameters and milling times used and the
Table 6
The effect of ball-to-powder mass ratio on the apparent amorphous content and
amorphisation rate constant (ka) during milling.

Lactose 200M Lactose 450M

25:1 13:1 6:1 25:1 13:1 6:1

AACmax (%) 82.4 36.8 5.8 82.8 52.0 3.3
tAACmax (min) 1200 1200 1200 1200 1200 1200
ka(min�1) 0.003 0.002 2.9E-04 0.003 0.001 1.1E-04
SD 2.7E-04 2.1E-04 6.9E-04 1.5E-04 3.7E-04 3.9E-05
AACl �85 �40 �19 �84 �70 �25
R2 0.996 0.996 0.931 0.999 0.998 0.997

AACmax: The maximum apparent amorphous content.
tAACmax: Time at which the maximum apparent amorphous content was reached.
ka: Amorphisation rate constant.
SD: Standard deviation.
AACl: The curve fitted plateau of maximum apparent amorphous content.
obtained particle diameters compared favorably with earlier
obtained values for the 5 mm balls.

For the balls of 1 mm in diameter, milling gave a significant
amorphisation (Fig. 8B) with an AAC of about 40% after 300 min of
milling and 58% after 1200 min of milling. These degrees of AAC
were somewhat lower than obtained after milling with balls of 5
mm. The use of balls with a diameter of 10 mm gave a modest AAC
of 3–4% and the AAC was independent of the milling times.

4. Discussion

The understanding of the relationship between the reduction in
particle diameter and the increase in apparent amorphous content
(AAC) of the particles during milling is important in the design of
an effective ball milling operation. In this paper, this relationship
has been investigated during ball milling of powders of a-lactose
monohydrate. It was found that the ball milling gave a powder of a
complex structure consisting of particle clusters of different
character and of free particles (Figs. 2 and 3). An increased BPM
ratio during milling (using a given ball diameter) increased both
the rate of comminution and the rate of amorphisation and
affected the final state of the particles in terms of their fineness and
apparent amorphous content (Tables 5, 6 and Fig. 7). For BPM ratios



Fig. 8. The effect of ball diameter on the median particle diameter (A) and apparent amorphous content (AAC) (B) during milling of lactose of quality 200M using a ball-to-
powder mass ratio of 25:l.

Fig. 9. Hypothetically illustration of the stress energy distributions using ball-to-
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of 25:1 and 13:1 the rates of comminution and amorphisation
differed considerably (Tables 5 and 6). Using a given BPM ratio, the
ball size affected significantly the degree of apparent amorphous
content of the particles while the minimum particle diameter was
approximately the same (Fig. 8).

The ball motion pattern in a ball mill during processing has been
categorized as of three types; cascading, cataracting and centrifu-
gation or rolling [15,24]. The ball motion pattern is affected by the
choice of milling parameters, among which the ball filling ratio, the
mill velocity and the charge ratio (BPM ratio) are critical. The
different categories of ball motion patterns are associated with
different energy conditions and it is suggested (Rosenkranz et al.,
2011) that a cascading ball motion gives the most effective
comminution. In this study, a volume fill ratio of the milling jar of
about 0.27 was used which corresponds favorably with a filling
ratio (i.e. 0.3) considered to give a cascading ball motion pattern in
a planetary ball mill before addition of the powder (Rosenkranz
et al., 2011). After addition of a powder, the friction conditions in
the milling jar normally change with a subsequent effect on the ball
motion pattern (Rosenkranz et al., 2011) and thus the energy
conditions. Since the milling occurred in a closed jar the ball
motion pattern could not be inspected. It is however reasonable
that the changes in BPM ratio and ball diameter affected the ball
motion pattern and thus the energy condition in the milling jar
(Burmeister and Kwade, 2013; Schmidt et al., 2015).

The energy condition in the milling jar can be described by
stress models based on two parameters, i.e. the frequency of stress
events and the stress energy. The latter is defined as the energy
supplied by the mill to the powder at a single collision event
(Stender et al., 2004). These parameters combined give a stress
energy distribution which describes the milling conditions
(Burmeister and Kwade, 2013; Rosenkranz et al., 2011; Schmidt
et al., 2015). The total stress energy transferred to the powder
depends on the frequency of stress events, the average stress
energy transferred to the particles per stress event and the milling
time.

As a means to derive an indication of the stress energy
transferred to the powder during milling, the comminution rate
constant kp could be used. It is earlier reported (Mio et al., 2004)
that kp correlated well with a parameter denoted the specific
energy of impact during ball milling. This parameter indicates the
stress energy transferred per time unit to a unit weight of powder.
It is thus concluded that the BPM ratio affected the average stress
energy transferred to the particles at a single stress event which
affected both the rate of comminution and the minimum diameter
of the milled particles.
The diameter of a particle affects its strength and fragmentation
propensity and it is proposed (Roberts and Rowe, 1987; Suryanar-
ayana, 2001) that a reduced particle diameter will increase the
particle strength and makes the particle less prone to fragment
during milling. At a certain critical particle diameter the stress
energy level needed to fracture the particles may reach a level that
is not provided by the mill and the particle size distribution
remains therefore practically unchanged during further milling.
The causative factors for the different rate constants and minimum
particle diameter obtained with the different BPM ratios (Table 5)
are thus proposed to be the stress energy distribution in the milling
jar and the stress energy level required to cause fracturing of the
particles.

Under a given BPM, the stress energy distribution may be more
or less constant during milling after an initial mixing phase, i.e. the
stress energy distribution of the collisions is approximately
independent of milling time. In Fig. 9, hypothetical stress energy
distributions are presented, one for each BPM ratio used. An
increased BPM ratio is proposed to shift the distribution so that the
average stress energy increases as well as the maximum stress
energy provided by the mill. All stress events may however not give
rise to a reaction in terms of particle fragmentation, i.e. only a range
of stress energies between a lower stress energy and the maximum
stress energy will cause a reaction in the particle.

Since an increased BPM ratio gave a gradual decrease in the
minimum particle diameter, i.e. an increased degree of comminu-
tion, it is reasonable that an increased BPM ratio corresponded to
an increased maximum stress energy provided by the mill, as
indicated in the hypothetical distributions (Fig. 9). The final
particle fineness was however reached after different milling
powder mass ratios of 25:1 (blue line), 13:1 (red line) and 6:1 (green line).
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times, especially noted for the 6:1 BPM ratio, and it is thus
proposed that the rate constant of comminution (kp) has some
proportionality to the frequency of the effective collisions (feff)
during milling, i.e. kp / feff. Thus, with an increased BPM ratio the
fraction of collisions causing fragmentation of particles will
increase, as also indicated in the hypothetical distributions
(Fig. 9). Hence, a variation in stress energy distributions with
BPM ratio, as hypothetically indicated in Fig. 9, explains the effect
of BPM ratio on both the rate and the degree of comminution.

The increase in BPM ratio affected also the amorphisation
process, i.e. the increased stress energy provided by the mill, as
indicated by kp, also increased strongly the rate of amorphisation
(ka) and the degree of amorphisation (Table 6 and Fig. 7). The effect
of BPM ratio on the rate of amorphisation can be understood in the
same way as described for the rate of comminution, i.e. the rate of
amorphisation is controlled by the different stress energy
distributions in the milling jar (Fig. 9). It is thus proposed that
in a similar way as for the comminution process only a fraction of
collisions will cause a reaction in terms of a disordering event, i.e.
the effective frequency of stress events are lower than the total
frequency of stress events and their relationship depend on the
BPM ratio.

The rates of amorphisation were considerably lower than the
rates of comminution for BPM ratios of 25:1 and 13:1 (Tables 5 and
6). This difference in kinetics of the two processes can be explained
by assuming that the total stress energy (SEtot) needed to
amorphise more or less completely the lactose particles is higher
than the total stress energy needed to comminute the particles to
their minimum diameter. Assuming a similar stress energy of a
single collision (SE) and a similar frequency of stress events (f)
under a given BPM ratio, an increased (SEtot) requires a longer
milling time (t), i.e. SEtot= SE � f � t (Kwade, 2004). An alternative
explanation is that the stress energy of a single collision required to
cause a disordering reaction is much higher than the stress energy
need to fragment a particle. This may correspond to a considerable
difference between the effective frequency of stress events i.e. feff
for amorphisation < feff for comminution. Such a change in
effective frequency should also contribute to the prolongation of
the milling time needed to amorphise the particles.

An understanding of the relationship between comminution
and amorphisation may be important in the design of a milling
operation. In Fig. 10, the effect of BPM ratio on this relationship is
presented using the median particle diameter and the AAC for the
respective lactose quality (200M and 450M) (one should note that
Fig.10. The relationship between apparent amorphous content and median particle diam
mass ratios of 25:l (blue circles), 13:1 (red squares) and 6:1 (green triangles).
the particle diameters obtained at long milling times and
explained by agglomeration is excluded from the relationship).
For a BPM ratio of 25:1, the particle diameter decreased to
approximately the minimum particle diameter without any
detectable amount of disordered material. Thereafter, due to
prolonged milling, the AAC increased. This relationship between
particle size and AAC can thus be described as consisting of two
stages. In the first stage, particle size reduction is the dominating
process and thereafter, the second stage is entered at which
amorphisation is the dominating process without any further
reduction in particle diameter. Such a two-stage concept of milling
a powder is thus consistent with the description of the responses of
a single particle during milling as consisting of two sequential
events, i.e. fracturing followed by disordering. The sequential
relationship could be understood in terms of different levels of
stress energy needed to disorder and fracture a particle. In stage 1,
the stress level need to fracture the particles are lower than the
stress level needed to disorder the particles and the particles will
fragment without disordering. After entering stage 2, the stress
energy is not sufficient to cause further fragmentation but the
stress energy of the stress events may however be high enough to
cause an increase in AAC and amorphisation may proceed during
further milling. In stage 2, the effective frequency of collisions
causing disordering will remain approximately the same as in
stage 1 while the fraction of collisions causing fracturing will
approach zero.

Also for a BPM ratio of 13:1, a relationship that could be
described as of two stages was obtained. However, a small increase
in AAC was obtained before the minimum median particle
diameter was reached, i.e. comminution and disordering occurred
to some degree in parallel. For the BPM ratio of 6:1, comminution
dominated the relationship, i.e. milling occurred predominately in
stage 1, but some disordering occurred in parallel to comminution.
Thus, the collective response of the lactose powders used in this
study during the milling can be described as of two stages but some
amorphisation of the particles seemed to occur in parallel to the
first comminution dominated stage. In generalized terms, it is
proposed that a comminution-amorphisation relationship for a
powder depends on the rate constants of the respective process
that depend on the stress energy distribution during milling and
the properties of the material.

The underlying causes of the lower rate of amorphisation
compared to the rate of comminution were discussed above, i.e.
controlled by the total stress energy or the effective stress
eter during milling of lactose qualities 200M (A) and 450M (B) using ball-to-powder
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frequency. Implicit for this discussion is that the same type of
collisions and contact events between balls and particles causes
both fragmentation and disordering, i.e. the same stress energy
distributions provide energy to the particles. It is however possible
that different types of collisions and contact events cause
fragmentation and amorphisation. The terms collision or stress
event denote collectively different types of contact events between
balls and particles during ball milling, including impact, rotation
and sliding. Fundamentally, these represent the application of
compression and shearing forces to the particles. The stress energy
transferred to the particles may differ dependent on the type of
contact process and one may theoretically differentiate between a
stress energy distribution due to compression and a stress energy
distribution due to shearing. It seems natural that compression due
to impact and rolling is the dominating force application mode
causing fracturing and comminution of particles (Rosenkranz et al.,
2011). However, it is earlier speculated (Pazesh et al., 2013) that
shearing may be a relevant force application mode for the
amorphisation of particles, i.e. a type 1 disordering mechanism.
Such a vitrification process requires the evolution of heat during
milling. Several papers have discussed the question of an increase
in ball temperature during milling (Kwon et al., 2002; Schmidt
et al., 2016; Takacs and McHenry, 2006) and it is suggested that
collisions involving shearing and friction give rise to higher ball
temperatures. Thus, the possibility to produce amorphous material
by vitrification, i.e. through a melting-solidification process,
cannot be ruled out. The measured overall temperature of the
milling jar in this study increased no more than 10 �C from start to
end of milling process regardless of the BPM ratios used.
Nevertheless, the local temperature obtained due to ball-powder
collisions could be much higher than the overall temperature. The
local temperature is difficult to measure but has been discussed
based on microstructural observations, theoretical calculations
and indirect measurements (Davis et al., 1988).

A change in BPM ratio may give different stress energy
distributions also for the stress events by shearing in a similar
way as illustrated in Fig. 9. The effect of BPM ratio on the rate of
amorphisation may thus also here be explained by a change in
effective frequency of the stress event.

After loading the balls and the powder into the milling jar, the
initial milling phase involves the mixing of powder with the balls.
This mixing will distribute the powder into sub-populations of
particles, i.e. a portion of the powder may adhere to the surface of
the balls, another portion to the inner surface of the jar and the
remaining portion may exist as a free powder. The particles
residing in the milling jar can thus be divided into three sub-
populations, a free portion and two adhered portions. Visual
examination of the contents of the milling jar after milling
confirmed the existence of these three sub-populations of
particles. The examination also indicated that the distribution
between the sub-populations was affected by milling conditions.
In addition, the distribution varied with milling time, indicating a
redistribution of particles between the sub-populations during
milling. It is earlier shown (Pazesh et al., 2013) that micro-particles
can be disordered during mixing with glass beads and it was
proposed that the evolution of AAC was high when the proportion
of adhered particles was high while the evolution of AAC was low
when the proportion of free particles was high. Thus, the stress
energy to which the particles are subjected to during milling may
be affected by the distribution of the powder between the three
sub-populations.

In order to shed further light on the importance of milling
condition and the aspect of compression and shearing contact
events for the comminution and amorphisation processes,
additional milling trials were conducted using balls of different
diameter but with the same filling ratio and BPM ratio. It was
assumed that a change in ball diameter will affect the stress energy
distributions in the milling jar, i.e. for a constant ball filling ratio, a
reduction in ball diameter will increase the frequency of stress
events (Stender et al., 2004) but simultaneously decrease the stress
energy due to impact (Schmidt et al., 2015). Additionally, the
fraction of particles adhering to the balls may increase with a
reduced ball diameter due to an increased surface area which may
also affect the stress energy distribution during milling.

Irrespective of the ball diameter used, milling over a long period
of time (300 and 1200 min) gave similar particle diameters (Fig. 8).
Since both milling times gave similar particle diameters, the
reported values in Fig. 8 is considered to represent minimum
particle diameters. For the AAC, the 1 mm balls gave a considerable
amorphisation albeit slightly lower than the 5 mm balls. However,
the 10 mm balls gave only a minute amorphisation. Thus, the
maximum stress energy causing fragmentation is proposed to be
similar and independent of the ball diameter, giving a similar final
degree of comminution. However, the level of stress energies and
the effective frequency of stress events causing amorphisation
seemed strongly dependent of the ball diameter. It is thus possible
that the relevant contact event causing disordering is predomi-
nantly shearing rather than compression. Such a proposal may be
supported by the observation that the comminution process
showed a different dependency of the BPM ratio than the
amorphisation process, as discussed above.

The question which type of contact event that causes
amorphisation may depend on the type of mechanism of
disordering that is relevant for a certain powder. Based on earlier
spectroscopic analysis is has been suggested that milling of lactose
particles gives predominantly a particle consisting of two phases, a
crystalline and an amorphous phase, i.e. a type 1 disordering
(Newman and Zografi, 2014). The relevant disordering mechanism
may also affect a proper choice of milling conditions during ball
milling. As a simplified means of describing milling conditions
based on categorization the terms hard and soft milling are
sometimes used (Burmeister and Kwade, 2013). Hard milling is
associated with high stress energies due to impact causing
effective comminution. Using these terms, hard milling conditions
causing extensive amorphisation is instead associated with high
stress energies due to sliding and friction which may represent soft
milling conditions with respect to comminution. Thus, in order to
obtain effective comminution without or with minute type 1
disordering, hard milling conditions associated with high stress
energies due to impact should be used.

5. Conclusions

The relationship between comminution and amorphisation
during powder milling in a ball mill could be described as
consisting of two stages, a first stage where comminution
dominates the relationship and a second where amorphisation
dominates. The two stage relationship is partly caused by the
marked difference in rate constants for the comminution and
amorphisation processes. The different rate constants are pro-
posed to be controlled by a combination of the properties of the
material, i.e. their fragmentation and amorphisation propensity,
and the stress energy distribution in the milling jar. The stress
energy distribution is regulated by the ball motion pattern that can
be affected by a series of process parameters, including the ball-to-
powder mass ratio and ball diameter. The process parameters used
will thus regulate if milling occurs in stage 1 or will proceed into
stage 2.

Different types of collisions in a ball mill may give rise to two
types of stress energy distributions, i.e. one involving compression
stresses caused by impact and rolling, and one involving shearing
stresses caused by sliding. It is further hypothesized that for lactose
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the dominating response to compression stresses is particle
fragmentation while the dominating response to shearing stresses
is amorphisation by vitrification. The technological implication of
such a conception is that if the purpose of the milling is effective
comminution without inadvertent amorphisation, a mill charac-
terized by high compression stresses but minute shearing stresses
should be selected. If extensive amorphisation in the objective, a
mill operating with high shearing stresses should consequently be
selected.
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