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Unveiling dislocations in API 
crystallinity after mechanical
stress due to milling

Abstract
Milling is a unit operation commonly used in the
pharmaceutical industry. It continues to be one of
the widely-used approaches for reducing particle
size in the manufacture of dry powder inhaler for-
mulations. However, it has been well recognized
that, in addition to particle size reduction, milling
results in multiple physical transformations of the
material, thereby affecting critical processing and
stability properties such as flow, agglomeration, shelf
life, etc. In order to produce robust formulations, it is
of critical importance to understand the nature of
milling-induced transformations, as well as the
downstream behavior and stability of solid materials
subjected to milling. The majority of active pharma-
ceutical ingredients (APIs) are crystalline materials,
whose crystal lattice structure determines, to a large
extent, the fracture patterns leading to particle size
reduction upon milling. In this investigation, the
integrity of the crystal after mechanical stress was
studied on a model compound to show the evolu-
tion of properties of crystalline solids when sub-
jected to milling. Cryogenic milling was performed
on the materials, followed by characterization using
powder x-ray diffractometry (PXRD) and calorime-
try. The PXRD patterns of all milled drugs exhibit a

reduction of the intensity of Bragg peaks. Clear dif-
ferences were observed between the thermograms
of the original and processed materials. In terms of
their physicochemical properties and behavior, the
original crystals, the milled crystals and the amor-
phous form of the drug represent three distinctly
different types of materials. The results suggest that
the small crystals produced by milling are also
highly defective ones. The findings can be attributed
to the creation of local defects (dislocations) in the
crystal packing, with a simultaneous decrease in the
degree of crystallinity that does not necessarily lead
to completely disordered (amorphous) phases.

Introduction
The solid state comprises the majority of pharma-
ceutical materials, used either as APIs or as excipi-
ents. For the most part, APIs are crystalline solid
materials produced with broad particle size distrib-
utions that make them rather inadequate for use in
inhalable products. Therefore, the particle size of
the crystalline materials needs to be reduced to a
suitable size, with a narrow distribution, in order to
produce a powder capable of reaching specific
parts of the lung. However, the simplicity of particle
size reduction achieved by mechanical milling
comes at a considerable price. Milling produces
changes that go well beyond the (desired) reduc-
tion in particle size; the process induces changes in
the microstructure and at the surface of the mater-
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ial. These unintended, but ever present, extra
changes can ultimately affect downstream process-
ing as well as shelf-life stability. Milling involves
high-energy impact and shear that generate the for-
mation of cracks through the particles by fracture
or particle breakage.1 The consequences of this
mechanical stress lead to new surfaces and
microstructural changes, and therefore, to modifica-
tions of the mechanical and physicochemical prop-
erties at the surface and/or bulk level of solids,2-5 as
well as modifications in chemical reactivity.6 Milling
induces microstructural changes via disruption of
the crystal lattice. Such changes result in molecu-
larly-disordered material, where the degree of the
induced disorder can lead to partially or totally
amorphous material.2,5,7 When subjected to ball
milling, some organic compounds like trehalose,
lactose and budesidone undergo amorphization.8

Wildfong, et al. reported that sucrose can be con-
verted to an amorphous solid at room temperature
by subjecting it to ball milling for a prolonged
time.9

Amorphization of a crystalline material by applica-
tion of mechanical energy is the result of a progres-
sive decrease in the crystal integrity (crystallinity)
through the continuous accumulation of lattice
defects (dislocations). A portion of the mechanical
energy imparted by milling is stored in the form of
crystal dislocations in the material, making the
material thermodynamically unstable. There is a
point where the excess energy accumulated (i.e.,
concentration of crystal dislocations) results in a
critical level of instability such that spontaneous
amorphization takes place.10-12 Figure 1 depicts the
loss of crystallinity resulting from the accumulation
of crystal dislocations and leading to structural dis-
order (amorphization). It is recognized that in order
to have better understanding of the impact on
product development of the crystalline, defective/
disordered and amorphous states, more studies
need to be done with these types of materials. 

In this short study, the effect of milling on the cre-
ation of defective crystals is explored. The goal is to
present examples of the different energetic states
in which a solid material can present after milling.
This will bring awareness to the fact that incom-
plete understanding of this unit operation may
result in situations that are detrimental to the end-
product’s performance and stability.

Experimental procedures
Materials. Felodipine was used as a model com-
pound. The material is a crystalline powder. 

Amorphous sample preparation. The amor-
phous samples of felodipine were prepared by

quench-melting. The process involves heating the
sample to a temperature 3°C to 5°C above its melt-
ing point, holding the temperature constant for a
period of 5 minutes, followed by rapid cooling in
order to prevent crystallization.

Cryogenic milling methodology. Cryogenic
milling was performed using an impact mill from
SPEX CertiPrep Group, Model 6750 (Metuchen, NJ).
The mill uses a cylindrical polycarbonate tube con-
taining a stainless steel impactor. The grinding mech-
anism consists of a magnetic coil responsible for the
generation of movement of the impactor against the
end plugs of a vessel containing the sample. The
tube is submerged in a bath containing liquid nitro-
gen. The sample is frozen and, with the violent
movement of the impactor, the material pulverizes.
Approximately 2 grams of sample were used per
milling run. The milling times selected were 10 min-
utes and 30 minutes. These times are a realistic rep-
resentation of the times typically used in industry.
Additionally, previous studies in our laboratory have
shown that with this range of milling time, the
reduction of size varies depending on the material.11

It has also been reported that arbitrarily extending
the milling time (or energy input) does not help in
size reduction but rather leads to the disruption of
the crystal.13,14 After milling, the samples were trans-
ferred to a desiccator at 24ºC for 30 minutes in
order to reach thermal equilibrium. The samples
were then stored at low temperature in a desiccator
containing under phosphorous pentoxide (P2O5)
until their analysis.

Figure 1

Depiction of the lattice defects created upon
milling. Crystalline defects (dislocations) occur,

followed by structural disorder (amorphous
state). The schematic uses 100% crystalline or

amorphous forms only for representation purposes.
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Differential scanning calorimetry (DSC). This
was performed using a Q10 DSC (TA Instruments,
New Castle, DE, US), to investigate the phase
behavior of felodipine and the quantification of the
amorphous content. Samples were weighed and
placed into hermetic, aluminum DSC pans that
were covered with slightly crimped lids (TA
Instruments). DSC measurements were carried out
using ranges from 20ºC to 170ºC at a heating rate
of 10ºC/min with a nitrogen purge gas flow rate of
50 mL/min. The enthalpy reading was calibrated
using indium as the calibration standard. The
reported DSC parameter values are the average of
measurements performed in triplicate.

Powder x-ray diffractometry (PXRD). The assess-
ment of crystallinity of unmilled, milled and quench-
cooled samples was carried out on a Siemens Kristal -
loflex D-500 diffractometer (Siemens, Haan, Germany)
equipped with Cooper K� radiation source. The tube
voltage and amperage used were 40 kV and 30 mA,
respectively. The PXRD patterns were recorded in the
2� angle range of 5° to 40º with continuous scanning
at 4º/min using a step size of 0.04º 2�.

Particle Size Measurements (PSD). A Malvern
Mastersizer (Malvern Instruments, Malvern, Wor -
cestershire, UK) was used for the measurements of
particle size distribution using the suspension mode
for the measurements. The powder samples were
suspended in aqueous medium containing 0.2% w/v
Tween 80 (Sigma Aldrich, St. Louis, MO, US).

Results and discussion
Behavior of defective materials. Representative
x-ray diffraction patterns of felodipine in the
unmilled and quench-cooled (amorphous) states

are shown in Figure 2. The PXRD pattern of the ref-
erence crystalline material was compared with
those reported in the Cambridge Structural Data -
base, confirming the crystalline structure of the
material used in the experiments. 

The median particle size was reduced from 114 µm
(unmilled) to 12.81 µm and 8.86 µm after milling
times of 10 and 30 minutes, respectively. Even though
the particle size attained did not go below 6.4 µm
(the cut-off for manufacturing inhalation products), it
was decided not to extend the milling time beyond
30 minutes. The objective of the study was to show
the different types of solid-state materials associated
with milling of an API. While the 6.4 µm particle size
value can be achieved by extending the milling time
(beyond the typical times used in industry) or by
changing the milling equipment, doing so would not
change the main results and conclusions of the study. 

After 10 and 30 minutes of cryogenic milling time,
felodipine samples showed a significant decrease in
the diffraction peak intensities as shown in Figure 3,
along with a slight broadening of all main Bragg
peaks, compared with those of the reference form.
These results correspond to a reduction in the
degree of crystallinity but have been commonly
attributed to the creation of the amorphous state in
numerous reports in the literature. While amorphiza-
tion can certainly take place upon milling, the x-ray
results in this study show that amorphization is not
necessarily the case for felodipine. Decrease in peak
intensity is affected by a number of factors beyond
amorphization, such as particle size. Upon examining
the material prepared by quench-cooling, the
absence of Bragg peaks characteristic of an amor-
phous system was observed. 

Figure 2

X-ray diffraction patterns for felodipine:
unmilled and quench-cooled (amorphous).
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Figure 3

X-ray powder diffraction for felodipine after 10
and 30 minutes of cryogenic milling time.
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Both samples of felodipine—the 30-minute cryo-
genic milled and the quenched, amorphous mater-
ial—exhibited a decrease in the intensity of Bragg
peaks. However, a clearly detectable degree of crys-
talline material was observed in the milled sample.
It is known that milling processes can induce the
formation of partially or completely disordered
materials by progressive decrystallization, as a con-
sequence of multiple distortions in the crystal lat-
tice. One explanation for the reduction in the
intensity of the Bragg peaks of the felodipine sam-
ples after cryogenic milling is that the mechanical
stress produced during milling leads to gradual and
increasing lattice distortions (defects) in the crys-
tal. These distortions are manifested as a decrease
in crystallinity, giving rise to anomalous powder
patterns in relation to the reference crystalline
powder. Furthermore, the slight broadening and
the decrease of the intensity of the Bragg peaks are
attributable to the particle size reduction and to
the strain induced within different crystals or dif-
ferent regions of the same crystal. Therefore, PXRD
patterns of felodipine showed evidence that cryo-
genic milling reduces crystallinity by the creation
of crystal dislocations. 

Representative DSC thermograms for 10 and 30
minutes of cryomilling times, for the quench-
cooled amorphous and the unmilled crystalline
forms of felodipine are shown in Figure 4. The DSC
thermograms for the initial crystalline samples
show a melting endotherm with an onset tempera-

ture of approximately 143ºC for felodipine. The
cryomilled felodipine samples show melting
endotherms at lower temperatures than the refer-
ence crystal. The quench-cooled samples showed
their glass transition temperature around 43°C for
felodipine, accompanied by the presence of
exothermic crystallization, both corresponding to
events typically observed in amorphous materials.

In addition, the thermograms of the cryomilled
felodipine samples each show an exothermic event
that does not quite correspond to the crystallization
event of the amorphous sample. The longer the
milling time, the greater the magnitude of the
exothermic peaks produced. Moreover, those
exotherms are near the glass transition temperature
region for felodipine. These results show that cryo-
genic milled and amorphous samples have different
thermal properties, indicating different microstruc-
tures. The exotherms in the cryomilled samples are
attributable to changes induced by the milling
process and the resulting DSC peaks do not corre-
spond to the crystallization exotherm of the true
amorphous phase also shown in Figure 4. As men-
tioned above, a decrystallization process by contin-
ued mechanical energy input can create an accumula-
tion of defects. It is important to reiterate that as
cryogenic milling gives rise to crystal defects, the
increase in defect concentration can lead to a critical
limit beyond which amorphous phase transformation
occurs. The results in Figure 4 indicate that the con-
centration of crystal defects in the cryomilled crystals
is high enough for their presence to be detectable by
DSC but not sufficiently high to attain complete
amorphization, thereby matching the amorphous
thermal behavior. It is noteworthy that the exother-
mic event in the 30-minute cryomilled sample is a
bimodal peak, whereas a single exothermic peak is
seen for the sample subjected to 10 minutes of
milling time. Another indication consistent with the
creation of disorder, but still a predominantly crys-
talline phase as a result of cryogenic milling, is the
slightly but measurably lower melting temperature of
cryomilled felodipine as shown in Figure 4. The pres-
ence of random dislocations/defects in the crystal lat-
tice also caused a drop in the diffraction peak intensi-
ties in the PXRD patterns as showed in Figure 3. The
exothermic events observed in the cryomilled
felodipine samples can be interpreted as follows: the
first hump of the double exothermic peak in the 30-
minute cryomilled sample can be related to the crys-
tallization of a small amorphous fraction, created by
an accumulation of defects with increasing cryogenic
milling time. This crystallization event occurs at a
considerably lower temperature than the crystalliza-
tion from the amorphous (quenched) sample. In

Figure 4

Representative DSC thermograms for all 
felodipine samples: unmilled, cryogenic 

milled (10 and 30 minutes) and quench-cooled 
amorphous. Clearly, the DSC scans show 

two exothermic thermal events for the 
cryogenic milled samples, not observed in 

the amorphous sample.
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fact, crystallization from the milled samples overlaps
with the glass transition, hiding the latter event. The
earlier crystallization onset in the cryomilled sam-
ples is attributable to the abundant presence of
crystal seeds still present after milling. The second
exothermic event can be attributed to restoration
of the crystalline state from the crystal dislocations
produced during milling. The distinction between
crystal defects/dislocations and the true amorphous
form is not a sharp one; it is rather a matter of
degree (i.e., concentration of defects). At the molec-
ular level, when the concentration of defects is low,
the disorder in the crystal lattice can be considered
to be made from a collection of individual (i.e., sep-
arate) dislocations. The amorphous state, on the
other hand, is characterized by cooperative regions
involving large number of molecules. When the
concentration of crystal defects increases to a
threshold value, large number of dislocations began
to coalesce, giving rise to the cooperative regions
characteristic of the amorphous state. In this study,
the x-ray diffraction data and DSC results suggest
changes in the crystal structure that can be inter-
preted as the formation of dislocations induced by
cryogenic milling, resulting in a defective but still
crystalline phase. 

A noteworthy result, in addition to the depression in
the melting temperature of cryomilled felodipine, is
the decrease in the enthalpy of melting. This situa-
tion is similar to cases like that of caffeine9 and grise-
ofulvin,2 where cryogenic milling induces crystal dis-
order by shearing. A potential explanation for this
phenomenon is that during heating on the DSC until
reaching their melting point, the fraction of crystal
defects has a higher molecular mobility, which
rapidly increases with temperature. Due to the
higher mobility, the recovery of the crystallographic
order would be expected to be more efficient.15

As discussed, the DSC thermograms for cryomilled
felodipine exhibit different patterns from those of the
amorphous (quench-cooled) samples. How ever, the
DSC thermograms do not reveal the glass transition
temperature due to the overlap with the exothermic
event. Therefore, although the formation of partially
amorphous materials is not completely ruled out, it is
reasonable to suggest that cryogenic milling produces
changes in the structure that are more consistent
with the production of crystal dislocations than with
the generation of the true amorphous phase. The
question about the presence or absence of the amor-
phous phase in the cryomilled samples can be clari-
fied with the use of additional analytical techniques
such as dynamic mechanical analysis (DMA). 

Quantification of amorphous content in cryo-
genic milled samples. Even when the degree of

crystal disorder created during cryogenic milling is
small, it is sufficiently large to produce significant
changes in the performance and stability of the
compounds. Consequently, it is important to moni-
tor and estimate the extent of disorder. Quanti -
fication of the amorphous phase in the milled sam-
ples was performed by DSC.2 The DSC approach
consists of using the heat of crystallization and the
enthalpy of melting. Therefore, it can be used to
quantify crystal defects/dislocations generated by
cryogenic milling using the following equation: 

m

F �
�Hf � �Hr

� 100 (1)
�H

c

f

where �H
m

f and �H
c

f are the heat of fusion of cryo-
genic milled and reference crystalline material,
respectively, and �Hr corresponds to the recrystal-
lization heat of the exothermic or recovery (of
crystallinity) peak. Figure 5 shows the degree of
crystallinity of cryogenic milled 10-minute and 30-
minute samples, calculated according to Equation
1, as well as estimated from the peak heights of the
PXRD patterns. The figure shows that that the crys-
tallinity of felodipine progressively decreased with
increasing milling time. After 10 minutes of cryo-
genic milling, felodipine samples undergo a small
reduction in crystallinity. The decrease in crys-
tallinity did not reach 20% after 30 minutes of
milling. Therefore, cryogenic milling of felodipine
resulted, at best, in a small fraction of amorphous
transformation, leaving the majority of the sample
in a defective but predominantly crystalline state.

Figure 5

Determination of the degree of crystallinity 
and the heat of fusion as functions of milling

time for felodipine.
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Conclusion
This work shows that a crystalline API subjected to
cryogenic milling undergoes changes in its crys-
talline structure. It is suggested that the loss of crys-
tallinity is primarily due to the crystal disruption that
begins as crystal dislocations and can potentially end
in full amorphization (phase transformation). One
may argue that the PXRD provides a clear indication
of the loss of crystallinity, and therefore, the forma-
tion of the amorphous phase. However, it is impor-
tant to point out that the X-ray technique depends
on other factors, such as particle size. Therefore,
because the particle size is being reduced by milling,
changes in the PXRD patterns unrelated to amor-
phization take place. The presence of low micron-
and even submicron-sized particles is manifested in
the PXRD response as broadening or loss of crys-
tallinity which again is not necessarily the manifesta-
tion of amorphization. The DSC thermograms of
cryogenic milled felodipine showed an exothermic
event overlapping with the glass transition tempera-
ture. This event, which increased in prominence as a
function of milling time, has been interpreted as the
“annealing” of crystal defects. Differences between
data collected from cryogenic milled felodipine
using analytical techniques such as DSC and PXRD
demonstrated that integrity of cryogenic milled mate-
rial varies with milling time and with the inherent
physicochemical properties of the material. With the
system presented here as a model compound, it is
evident that the crystalline lattice of APIs is disturbed
during milling processes and it is therefore impor-
tant to take into consideration the subsequent
changes the material is likely to experience. Such up-
front considerations can be critical to the stability
and performance of the product. This work shows
that two combined analytical tools, one thermal and
one structural, offer information about the changes
induced in the bulk powder. These analytical tools
were adequate for the initial interrogation of materi-
als undergoing processing-related stress. 
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