
Vol:.(1234567890)

MRS Advances (2021) 6:674–681
https://doi.org/10.1557/s43580-021-00124-y

1 3

ORIGINAL PAPER

The mechanical response of micron‑sized molecular crystals

Christopher M. Barr1 · Marcia Cooper1 · Jeremy Lechman1 · Daniel C. Bufford1 

Received: 4 June 2021 / Accepted: 11 August 2021 / Published online: 3 September 2021 
© National Technology & Engineering Solutions of Sandia, LLC 2021

Abstract
Microstructures and corresponding properties of compacted powders ultimately depend on the mechanical response of 
individual particles. In principle, computational simulations can predict the results of powder compaction processes, but 
the selection of appropriate models for both particle–particle interactions and particle deformations across all relevant 
length scales remain nontrivial tasks, especially in material systems lacking detailed mechanical property information. 
The work presented here addresses these issues by conducting uniaxial compressions in situ inside of a scanning electron 
microscope to characterize the mechanical response of individual micron-sized particles of a molecular crystal, hexanitrohex-
aazaisowurtzitane (CL-20). This experimental approach enabled the collection of quantitative force and displacement data 
alongside simultaneous imaging to capture morphology changes. The results reveal information about elastic deformation, 
yield, plastic deformation, creep, and fracture phenomena. Accordingly, this work demonstrates a generalizable approach 
for assessing the mechanical response of individual micron-sized molecular crystal particles and utilizing those responses 
in particle-level models.

Introduction

Granular solids form from agglomerations of discrete parti-
cles of essentially any material, and bulk properties emerge 
from both the properties of the particle constituents and 
the microstructures formed during packing. In principle, 
computational simulations can predict the results of quasi-
static powder compaction, as in the discrete element method 
(DEM) or peridynamics [1–4]. However, realistic models 
must account for particle rearrangement, deformation, and 
fracture across all relevant length scales. Progress in this 
area demands detailed mechanical properties information 
for the individual particles, including both intrinsic material 
properties and effects of extrinsic factors like size and shape.

Molecular crystals find use in pharmaceutical, organic 
optoelectronic, and energetic materials applications, and fre-
quently undergo deformation and fracture during process-
ing and use. These materials consist of molecules bound 
together by intermolecular forces including hydrogen bonds, 
van der Waals forces, and π-interactions [5]. These bond-
ing forces differ substantially from metallic, ionic, and 

covalent bonds in other solids, giving rise to a great variety 
of different mechanical properties [6]. The understanding of 
mechanical deformation and fracture in molecular crystals 
remains less mature than in other classes of materials [7]. 
While indentation-based methods have proven valuable for 
investigating strength and elasticity [8–17], such approaches 
provide less insight into constitutive stress–strain response, 
fracture, and extrinsic length scale- or shape-dependent 
changes in deformation behavior. Indentation fracture meth-
ods [18] have been utilized successfully in some cases, but 
high degrees of anisotropy generally lead to difficulties in 
applying these approaches to molecular crystals [16]. Little 
information is available regarding mechanical properties of 
molecular crystals with external dimensions at the microme-
ter scale and below, a size regime where deformation behav-
iors often deviate from the bulk in other materials [19]. A 
means to characterize deformation at such length scales is 
highly desirable but remains difficult to realize in practice.

Our experimental methods addressed these difficulties 
by employing a nanoindenter operated in situ inside of a 
scanning electron microscope (SEM) to execute uniaxial 
compression tests on individual micron-sized hexanitrohex-
aazaisowurtzitane (CL-20) particles with concurrent obser-
vation. Our results demonstrate both the utility and some of 
the challenges of this approach in evaluating deformation 
behaviors at small length scales in this material. Though 
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irregular particle shapes complicated the interpretation of 
the initial contact regimes, the subsequent load–displace-
ment responses to monotonic, cyclic, and constant loads, 
and fracture behaviors were more readily understood. The 
results suggest that smaller particles fractured at higher 
stresses than larger ones, an observation consistent with the 
“smaller is stronger” principle observed in many materi-
als [20]. This work provides information that complements 
standard nanoindentation approaches for investigating fun-
damental deformation and fracture mechanisms, and demon-
strates a means to provide more realistic input or validation 
for particle-based simulations.

Experiment

Important details of the experimental methods appear here, 
while the Supplementary Information contains a complete 
description. Samples were prepared from ε-CL-20 powder 
with a 2.6 µm mean particle diameter by drop casting parti-
cles suspended in isopropanol onto a silicon wafer. Particle 
compression experiments utilized a Hysitron PI-85 nanoin-
denter [21] with nominal 6 µm flat punch tip operated in situ 
inside a scanning electron microscope.

Figure 1 illustrates the geometry and viewing angle of 
a typical experiment. Load- and displacement-controlled 
experiments probed the viscoelastic response and fracture 
behaviors, respectively.

Results

An initial set of experiments scrutinized electron beam 
effects by repeatedly applying trapezoidal load functions to 
a single particle with the beam on and off. An overview of 
these experiments appears in the Supplementary Materials. 
Important results of these pilot experiments include:

1.	 Contact between the indenter and particle was only 
Hertzian for a brief period, hence the results are better 
interpreted as uniaxial compressions rather than contact 
experiments.

2.	 A small but consistent amount of creep deformation 
occurred during the constant-load hold segment.

3.	 Electron beam exposure lowered unloading stiffness val-
ues by ≈ 5%, but loading and constant hold segments 
showed no noticeable effects.

Overall, these observations strongly suggest that this 
in situ method represents a valid approach for studying the 
mechanical response of these particles.

Fracture experiments utilized displacement-controlled 
mode with indenter displacement rates of 10–20  nm/s 
and data acquisition rates of 200 Hz. The tested particles 
ranged from 1.9 to 5.1 µm in height, so first-order lower- and 
upper-bound estimates of the initial strain rate are 2 × 10–3 
to 1 × 10–2 s. Figure 2 presents a load–displacement curve 
with corresponding video snapshots illustrating a repre-
sentative fracture experiment. Here, the load–displacement 
curve remained smooth until the indenter reached approxi-
mately 175 nm displacement, after which several successive 
small load drops occurred prior to the large load drop at 
point (2). The shaded area below the curve up to point (2) 
corresponds to the energy absorbed prior to the large load 
drop. Note that the indenter advances by means of ramping 
voltage on a transducer, so an active control loop adjusts 
voltage to maintain steady displacement control. In the 
event of a rapid change in a sample (e.g., fracture or burst 
of plasticity), the control loop must first detect the increase 
in displacement rate, then retract the indenter to the previ-
ous position before advancing at the prescribed rate again. 
Load drops thus typically correspond to rapid, discrete 
events associated with plasticity or fracture. The video (see 
Supplemental Materials) revealed no clear mechanism for 
the smaller load drops, but processes like dislocation bursts 

Fig. 1   a SEM micrographs 
showing the indenter and 
sample surface at low magnifi-
cation; b higher magnification 
view of the indenter tip nearly 
in contact with a single particle 
in preparation for a test
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[21] or subcritical crack growth [22] have been implicated 
in other materials. The particle remained visibly intact prior 
to point (2) despite these events, an observation consistent 
with either plastic deformation or subcritical crack growth. 
In contrast, the large load drop at point (2) corresponded to 
a clear fracture event. The isolated data points between (2) 
and (3) in Fig. 2 capture the excursion; despite detecting 
the excursion and reacting within three data points (15 ms), 
the indenter essentially doubled the previously accumulated 
displacement before being retracted. The particle adhered 
to the indenter as it retracted, and no further deformation 
occurred until the particle was brought back into contact 
with the substrate. A comparison of Fig. 2b2, b3 illustrates 
the changes that occurred during this fracture event, specifi-
cally the appearance of a crack along the vertical edge of the 
particle, as denoted by the orange arrow. Additionally, the 
particle shortened along the compression axis and bulged in 
the perpendicular directions. After reestablishing contact, 
the load rapidly approached the 300 µN value observed just 
before the initial large fracture event. As loading contin-
ued, the crack extended further downward midway between 
points (3) and (4), and culminated with another load drop 
between (4) and (5). A comparison of Fig. 2b4, b5 shows 
that the crack continued to open wider, and likely grew into 
the particle as well. The newer portion of the crack appeared 
to propagate in a different direction (downward and to the 
right) from the initial portion (downward and to the left). 
The direction change appeared to be correlated with the 
upper and lower facets of the particle, suggesting a relation-
ship between the crack path and underlying crystal structure. 
Indenter motion briefly paused after reaching 1 µm displace-
ment, and the indenter was subsequently retracted to end the 
experiment. An examination of the load-time curve during 

the hold (see Supplementary Video SV1) revealed a smooth 
decrease in load over time during the pause, consistent with 
stress relaxation. While this behavior was not examined in 
detail, it provides additional qualitative evidence of visco-
plasticity. The particle remained adhered to the indenter at 
the conclusion of the experiment, as shown in Fig. 2b6. Dur-
ing this experiment and similar replicates no deformation of 
the substrate beneath the particle was visible, and no motion 
of the substrate relative to the indenter was noted, indicating 
minimal frame compliance.

Thirty-seven similar replicates were conducted on 
other particles to investigate variability in fracture behav-
ior. Numerous particles exhibited irregular morphologies, 
which caused significant difficulties in estimating contact 
areas, or caused issues like obvious shifting during load-
ing. Hence, the fracture data presented in Fig. 4 represent 
eighteen total particles that yielded clean experiments that 
were practical for estimating fracture parameters. Here, the 
“×” symbol marks load drops that exceeded 25 µN by promi-
nence, which were identified using the “find_peaks” func-
tion implemented in Version 1.4.1 of SciPy [23]. Note that 
this threshold simply highlights the frequency of load drops, 
rather than indicating a well-defined fracture criterion. Still, 
each drop likely identifies a plastic deformation or fracture 
event. Interestingly, multiple small load drops appeared in 
some curves, while others showed none prior to the large 
drop associated with through-particle fracture. Some of the 
large fracture events consisted of single cracks similar to 
the one illustrated in Fig. 2, while others generated multiple 
cracks or crushed the particles outright as in Fig. 3. Despite 
the qualitative similarities, the curves varied considerably 
in how quickly the load rose, as well as in the number and 
extent of the load drop events.

Fig. 2   a Load–displacement 
curve from a single particle 
in displacement control mode 
(20 nm/s up to 1000 nm). The 
shaded area below the curve 
corresponds to the energy 
absorbed prior to the large frac-
ture event at (2). Blue arrows in 
(a) show the path taken by the 
indenter during the excursion. 
Annotations (1–6) correspond 
to the images in the follow-
ing panels. b (1–6) Sequence 
of images from the in situ 
SEM test. Orange arrow in (3) 
indicates the formation of a 
significant crack in the sample, 
and highlights additional crack 
opening in (5)
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Variations in the initial loading behaviors point to vari-
ations in stiffness, which depends on both contact area and 
particle size. Accordingly, an effort was made to normalize 

the load–displacement data into stress–strain curves, as in 
Fig. 4b to better assess deformation and fracture behaviors. 
Initial width and height, h0, of each particle in Fig. 4 was 

Fig. 3   Examples of two 
extremes of fracture behav-
ior illustrated by initial and 
post-fracture micrographs. a, b 
Single through-particle crack. c, 
d Crushing and fragmentation. 
Scale bar is 2 µm in all panels

Fig. 4   a Variability in load–displacement behavior demonstrated by 
18 load–displacement curves from single-particle compaction experi-
ments. Load drops exceeding 25  µN are marked by “×” on each 
curve. The arrow and label denote the curve from Fig. 2 up to point 

(2). b Illustration of the cylindrical geometry approximation used to 
compute stress and strain. c Engineering stress–strain curves com-
puted from the load–displacement curves as described in the text
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measured from the micrographs, and engineering strain was 
computed from the indenter displacement after contact was 
first made, � , by taking �∕h

0
 [24]. Particles were approxi-

mated as right cylinders with radius equal to one-half the 
measured width as illustrated schematically in Fig. 4b, and 
engineering stress was computed from the load data and the 
cross-sectional area of the cylinder. To account for error 
in these approximations, measurement uncertainty for the 
diameter and height have been conservatively estimated at 
± 10% to accommodate particle shape irregularities, and 
uncertainty in the measured load has been conservatively 
estimated at ± 1 µN. The stress and strain estimates include 
substantial assumptions about the geometry of the particles 
and distribution of the applied loads; while the computed 
values may be inaccurate in the absolute sense, they are at 
least consistent among the particles examined here. The 
stress–strain curves in Fig. 4c collapse the data somewhat, 
which may suggest a consistent underlying constitutive rela-
tionship for the stress–strain response. Still, the curves vary 
substantially. Moreover, four curves show much greater plas-
tic deformation prior to fracture than the rest. These outliers 
may stem from differences in crystallographic orientation, 
rather than just stochastic variation among similar particles.

Discussion

Contact and elastic‑to‑plastic transition

As noted in the Supplementary Materials, a Hertzian contact 
model does not appear appropriate beyond the first few nm 
after contact. Transitions from the initial contact to com-
plete indenter-particle contact, then to yielding were vari-
able and sometimes unclear. Most of the force–displacement 
curves from the fracture tests on other particles exhibited 
a smooth, qualitatively elastic loading behavior from the 
initial indenter contact up to yielding in the form of small 
load drops, while others showed a change in concavity prior 
to the appearance of load drops. The former may suggest 
an elastic response with temporally and spatially localized 
plasticity by discrete events (e.g., subcritical crack growth 
or dislocation bursts), whereas a gradual change in concavity 
suggests more continuous and widespread plasticity. Subtle 
yielding transitions have been described before in particles 
of other materials [25–27]. While the data presented here 
are not ideally suited for deeply scrutinizing the early stages 
of contact, they provide some insight. Nanoindentation 
experiments on flat surfaces may be able to probe the elas-
tic–plastic transition more closely, particularly if spherical 
tip methodologies were used. Computational methods might 
also allow contacts to be scrutinized with arbitrary precision. 
In those cases, extensions of the Hertzian contact model 
that accommodate transitions to plastic deformation [25, 

28–30] may provide adequate descriptions of local yielding 
for small deformations.

Viscous flow

Both load- and displacement-controlled experiments 
revealed some evidence of viscous flow in the form of creep 
and stress relaxation, respectively. Unfortunately, the SEM 
video could not resolve the questions regarding creep rate; 
videos were optimized to minimize electron dose, and as 
such as the resolution was around 15 nm/pixel, larger than 
the creep displacements themselves. Future work might pro-
vide additional clarity regarding viscous flow by varying 
loading rates, load hold magnitudes, and hold times, or by 
using higher magnification SEM video as a virtual strain 
gauge [31].

Fracture

As mentioned previously, the small load drops likely origi-
nated from phenomena associated with deformation or frac-
ture. The lack of crystallographic orientation information 
precludes determining the mechanisms associated with these 
phenomena; however, some fracture parameters may be esti-
mated from individual particle compaction data [22, 32]. We 
focus on the large fracture event. As mentioned previously, 
the engineering stress–strain curves were computed by 
measuring particle dimensions and approximating the par-
ticles as cylinders. The resulting, stress, strain, and volumet-
ric strain energy density at the point of fracture have been 
extracted from Fig. 4 and plotted as functions of the particle 
diameter in Fig. 5. These points are analogous to point (2) 
in Fig. 2a. Error bars in Fig. 5 reflect either the measure-
ment uncertainty directly (estimated at ± 10% for length to 
accommodate particle shape irregularities and at ± 1 µN for 
load) or propagation of error associated with computation of 
values from particle dimensions and load data.

Interestingly, the stress at fracture appeared to increase 
with decreasing particle diameter as seen in Fig. 5a. In 
contrast, engineering strain at fracture remained more con-
sistent with no clear dependence on particle diameter. The 
largest strains at fracture arose from the outliers noted in 
Fig. 4, in which cases the underlying deformation processes 
likely differed from the rest of the population. Strain energy 
density provides a measure of the energy stored within a 
material undergoing deformation. Strain energy is the area 
under the stress–strain curve at a given point, computed 
here by numerically integrating the stress–strain curve up 
to the strain at fracture, i.e., ∫ �

fracture

0
�d� , and the strain energy 

density was then computed by dividing by particle volume. 
Strain energy density at fracture also increased with decreas-
ing particle diameter. The trends of varying strength and 
fracture behavior with particle diameter bear similarities to 
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observations of other materials in the literature [19, 33], 
in which cases increasing strength at small length scales 
arises from the interplay between intrinsic microstructural 
features involved in deformation (e.g., dislocations and 
grain boundaries) and extrinsic geometrical constraints 
(i.e., the size and shape of the sample). Stochastic aspects 
may also play a role, as in materials with uniformly distrib-
uted preexisting defects. Smaller particles are statistically 
less likely to contain defects, and in brittle fracture pro-
cesses that are sensitive to such flaws, smaller samples tend 
to exhibit higher strengths than their larger counterparts. 
Length scale-dependent changes to deformation mechanisms 
remain little-explored in molecular crystals, and Fig. 5 sug-
gests that such phenomena may present an exciting area for 
future investigation. Strain energy-based fracture approaches 
informed by experimental single-particle compaction data 
have provided a basis for estimating velocities necessary to 
mill brittle materials [34], and for realistic models of break-
age in particles under multi-point loading [35]. Data like 
those presented in Fig. 5c might similarly inform powder 
processing routes or models of particle compaction.

Quantification of traditional fracture properties at 
micrometer length scales is challenging and remains an 
active and challenging area of research [36]. Some assump-
tions of continuum fracture mechanics break down at small 
length scales, necessitating approaches that differ from 
methods applied at longer length scales. Still, it is worth-
while to consider what quantitative fracture information 
these experiments might provide. The strain energy release 
rate, G, or amount of energy required to produce a unit of 
new surface area, provides a straightforward and intuitive 
means to quantify fracture behaviors. Strain energy can be 
found from experimental data as described above, whereas 
newly created surface area may be estimated from micro-
graphs or computed with the assumption of a specified crack 

path. Particles like those illustrated in Figs.  2 and 3a, b 
fractured cleanly into two new pieces near the center of the 
particle, in which case the two new surface surfaces can be 
approximated as planes of area 2r × h0. On the other hand, 
some particles shattered into many pieces upon fracture, 
as in the extreme case illustrated by Fig. 3c, d. Here, the 
estimation of newly created surfaces becomes nontrivial. 
It is reasonable to assume that new surface area might be 
ten or more times larger than the single through-particle 
crack case. Accordingly, estimates for the crack area were 
made from the post-fracture micrographs for each particle 
in Fig. 4, with each particle being assigned either a single 
crack or “many” crack designation with ten times higher 
area. G provides a complete description of fracture only in 
brittle materials, where all released strain energy creates new 
fracture surfaces. Plastic deformation as in Figs.  2 and 3 
indicates that strain energy was partitioned between both 
the creation of fracture surfaces and plastic deformation. 
Continuing with the assumption of a brittle fracture process 
likely overestimates G, but will also provide an upper-bound. 
Under this assumption and that of either a single crack or 
multiple cracks totaling ten times the surface area of a single 
crack, we find G in the range of 0.004 to 0.16 kJ/m2, respec-
tively. The outliers in Fig. 4 had values of G that were larger 
than the rest of the population by a factor of 3 to 5. The oth-
ers averaged 0.012 ± 0.009 kJ/m2, which may be more real-
istic. For context, representative values of G for silica glass 
[37], polystyrene [38], and 7000-series aluminum alloys [39, 
40] are ~ 0.004, 0.01, and 15 kJ/m2, respectively. The critical 
stress intensity, KIC, is related to G by K2

IC
= EG

(

1 − �
2
)

 . 
Using values of 18 GPa and Poisson’s ratio  �= 0.21 for 
CL-20 [41], we find KIC ranging from 0.3 to 1.7 MPa 

√

m . 
Again, the outliers in Fig. 4 contributed to significantly 
larger values: the others averaged 0.43 ± 0.15 MPa 

√

m . For 
context, KIC values for silica glass [37], polystyrene [38], 

Fig. 5   Estimated a engineering stress, b engineering strain, and c 
strain energy density at fracture as a function of particle diameter 
for the experiments in Fig.  4. Error bars reflect ± 10% uncertainty 

in dimensional measurements, ± 1 µN in the load measurement, and 
propagation of error for computed parameters
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and 7000-series aluminum alloys [39, 40] are ~ 0.8, 3, and 
30 MPa 

√

m . These values of G and KIC place CL-20 among 
brittle materials like silica glass and polystyrene. Little 
information regarding fracture toughness of CL-20 is avail-
able in the literature, but many other molecular crystals are 
brittle, with KIC < 1 MPa 

√

m . One apt comparison might be 
to cyclotetramethylene tetranitramine (HMX) with KIC of 
≈ 0.25 MPa 

√

m estimated from nanoindentation fracture 
experiments [16].

These estimates of G and KIC should be treated with cau-
tion; the experiments were far from optimal for precisely 
assessing fracture parameters. The considerable variance 
in G and KIC stems from the dramatically different defor-
mation and fracture behaviors among the tested particles, 
as illustrated in Fig.  3. As mentioned previously, there is 
likely some crystallographic orientation dependence on 
the deformation and fracture mechanisms that gives rise 
to these differences. We also note that the particles were 
tested in compression, and brittle fracture requires a ten-
sile stress. Qualitatively, a particle develops internal ten-
sile stresses as it barrels in response to compression, but 
a quantitative assessment of those stresses requires a good 
understanding of the relationship between applied stress 
and internal stresses. While in some cases the relationship 
may be well-characterized (e.g., the elastic field of a Hertz-
ian contact between two convex bodies), here the irregular 
contacts and particle shapes pose a challenge for a quantita-
tive assessment of internal stresses. The test geometry and 
lack of initial cracks prohibited the observation of steady 
crack growth, which is the preferred method of assessing 
crack growth behavior. While KIC is generally considered 
a material property in the bulk, KIC values rise and fall 
with decreasing length scale as plane strain to plane stress 
regimes are traversed, and conflicting observations have 
been reported regarding fracture at small length scales [36, 
42, 43]. Thus, it bears stressing that the information here is 
relevant to fracture at this length scale and geometry, but 
may differ at other length scales and experimental setups. 
Still, these observations point to interesting unknowns in 
small-scale fracture of molecular crystals and demonstrate 
the necessary ingredients to assess fracture toughness at the 
micrometer scale. Future improvements to sample prepara-
tion could likely allow for the collection of more accurate 
fracture parameters.

Conclusions

While challenging from both the perspectives of sam-
ple preparation and experiment execution, small-scale 
mechanical deformation experiments performed in situ 
in electron microscopes comprise an active and excit-
ing research area that has contributed substantially to the 

understanding of deformation mechanisms in many mate-
rials [36]. The work presented here demonstrates the fea-
sibility of applying these methods to molecular crystals by 
characterizing the uniaxial compression responses of indi-
vidual micron-sized CL-20 particles. Refinements to the 
sample preparation techniques in future work, for instance, 
micro- or nanoscale mechanical test structures fabricated 
from single crystals by focused ion beam (FIB) milling 
at either ambient or cryogenic temperatures, may reduce 
uncertainty in stresses and strains and provide greater clar-
ity regarding crystallographic effects. The in situ experi-
mental approach presented here provides complimentary 
information to ex situ nanoindentation, and combinations 
of both techniques with coordinated modeling will likely 
improve the understanding of the mechanisms that govern 
deformation and fracture in molecular crystals. Similar 
approaches could also be readily extended to probe time-
dependent deformation behaviors (i.e., creep, stress relaxa-
tion, and fatigue) that remain little-explored in molecular 
crystals [13, 44, 45].

Particle behaviors observed in this work spanned elastic 
deformation, yield, plastic deformation, creep, and frac-
ture regimes—all scientifically interesting and relevant to 
industrial powder processing. The physical mechanisms that 
underly the observed deformation and fracture behaviors 
will remain an active area of investigation for some time 
to come. Still, the behaviors reported here could be incor-
porated within particle-based simulations in the near term. 
Such simulation tools may streamline the development of 
milling and compaction process development that currently 
rely heavily on empirical testing.
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