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Abstract
For energetic crystals such as HMX, the sensitivity of the material to shock, the possibility of initiation, and the subse-
quent reaction is known to be controlled by processes occurring at the crystal level. The anisotropic nature of β-HMX 
can be critical in determining the performance of HMX based polymer bonded explosives, which are widely used across 
multiple industries as propellant or explosives. In this work, we experimentally obtain constitutive parameters for char-
acterizing the response of multiple crystalline planes of β-HMX crystals to external loading. Nanoindentation and small-
scale dynamic impact experiments were performed on multiple planes of β-HMX crystals to comparatively measure the 
indentation moduli in multiple orientation directions. Anisotropic material behavior, involving constitutive elastic and 
non-elastic parameters, was measured and studied. Findings regarding material properties for the (100), (010), (001), 
{110}, and {011} planes of β-HMX are presented and compared with literature data.
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1  Introduction

Accurate characterization and prediction of the mechani-
cal behavior of energetic materials (EMs) requires in-
depth understanding of their physical properties and of 
their response to external stimuli. There are many mate-
rial responses whereby it is important to understand 
non-initiating behaviors, including deformation and 
failure, as damage may alter the safety parameters of 
these explosive material and set a new initial condition 
for future performance [1]. For an energetic material such 
as HMX, sensitivity to shock, the possibility of initiation, 
and the subsequent reaction is known to be controlled 
by processes occurring at the crystal level. HMX occurs in 
four polymorphic forms, α, β, δ and ε. Of these, the most 

thermodynamically stable phase is β-HMX [2]. Thermal 
stability of the β-HMX crystalline phase makes it a good 
candidate to characterize effect of anisotropy on HMX 
material behavior. Previous experiments have pointed to 
the anisotropic nature of β-HMX being critical in deter-
mining the performance of HMX based polymer bonded 
explosives (PBX) [3]. The main failure mechanisms in such 
materials have been identified as particle fracture, inter-
facial failure between particle and binder, and interfacial 
failure between particles [4]. With respect to particle frac-
ture, due to the anisotropic nature of HMX, it is known 
that deformation in single crystals of β-HMX is orientation 
dependent and fracture tends to occur along cleavage 
planes. For instance, indentation experiments performed 
by Palmer and Field [5] on cleaved crystals determined the 
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cleavage in β-HMX to take place along the {011} crystal-
lographic planes.

The ability to understand and, in turn, accurately pre-
dict the behavior of EM critically relies, in part, on under-
standing the elasticity of the material, as the structure and 
compressibility of the material are relevant regardless of 
initiation shock mechanics [1]. Description of the aniso-
tropic elastic behavior of β-HMX has been widely inves-
tigated. However, a significant portion of the description 
has been obtained via molecular dynamics related numeri-
cal methods [6]. Experimentally, it has proven difficult to 
measure elastic properties of energetic crystals such as 
β-HMX due to their anisotropic nature requiring complex 
geometric considerations and their brittle nature yielding 
relatively minute strains before failure [7]. Previous experi-
mental methods involving elastic constant determination 
for β-HMX have involved the use of techniques such as 
impulsive stimulated light scattering (ISLS) [8], impulsive 
stimulated thermal scattering (ISTS) [9] and Brillouin scat-
tering [10]. However, these methods, when compared, pro-
duce a variance in values that is yet to be fully understood 
or explained [1]. Nanoindentation as an experimental pro-
cedure has also been used in attempts to characterize the 
hardness and modulus of β-HMX in previous studies [5, 
11–13]. The results from such studies provide unexplained 
variance which may only be fully understood with more 
work in the area.

With respect to EMs, hot spots are regions in the micro-
structure whereas the initiated volume is sufficiently large, 
and temperature is sufficiently high to start the chemi-
cal reactions leading to detonation. Friction, or interfa-
cial interaction between particles as mentioned above, 
among other mechanisms, is known to be a cause of hot 
spot initiation. Susceptibility of an energetic material to 
such form of failure, most adequately described by the 
frictional sensitivity of the material, has been shown to 
be dependent on multiple factors, of which hardness has 
been speculated to be the most important [14]. In addition 
to elastic properties, this work also presents a study of the 
anisotropic hardness values and viscoplasticity parameters 
of β-HMX.

Currently, with few exceptions, simulation of the 
mechanical behavior of HMX-based EMs at the mesoscale 
generally overlooks the anisotropic properties. However, 
an argument can be made that incorporation of aniso-
tropic properties of HMX crystals may improve the current 
ability to predict the energetic behavior of such materials. 
Examples of such exceptions can be seen in work done by 
Wang et al. [15], in which a full field method was employed 
to model the local damage behavior of a HMX-based EM. 
Other works simulate the anisotropic material behavior 
HMX to determine anisotropic material responses. Work 
by Conroy et al. [16] modelled the behavior of β-HMX 

crystals using first principles density functional theory 
(DFT). They found that the anisotropic material model 
predicted experimental results that adequately matched 
existing data. Zamiri et al. [17] also worked on numerically 
predicting the anisotropic plastic response of modelled 
single crystals of HMX based on experimental data. This 
work focuses on experimentally characterizing anisotropic 
quasistatic as well as dynamic local constitutive material 
properties of β-HMX crystals using indentation based 
static and dynamic schemes.

2 � Methods

This section covers brief explanation of the experimental 
methods and theories to be used in this work. These meth-
ods have been covered in detail in previous works [18–21].

2.1 � Sample preparation

Untwinned single crystals of β-HMX were formed by con-
trolled solvent evaporation, at room temperature, from 
a saturated solution of raw HMX in HPLC grade 99.8% 
pure acetone. The solution was mixed at ratio of 0.024:1 
by weight of HMX to acetone respectively and measured 
into vials with perforated caps for slow evaporation. The 
descriptions here are of monoclinic single crystal β-HMX 
in space group P21/n. with lattice parameters a = 0.654 nm, 
b = 0.736 nm, c = 1.104 nm, and B = 102.66°. Two main mor-
phologies of single crystal were observed, and the respec-
tive orientations were identified through x-ray diffraction 
shown in Fig. 1 below.

The first morphology observed, denoted ‘morphology 
1’, exposed facets corresponding to the {010}, {011}, and 
{110} crystallographic planes, while the second morphol-
ogy displayed exposed facets corresponding to {011} and 
{110} planes only. In both morphologies, the facets corre-
sponding to the {011} planes appeared to be of preferred 
growth, displaying larger surface areas in most crystals 
observed. The morphologies observed also grew longitu-
dinally along the ‘a’ crystallographic axis as shown in Fig. 2. 
The length distribution (along the preferred a-crystallo-
graphic axis) of fully formed crystals varied from 200 μm 
to 4  mm with an average length of 2  mm and width 
(approximately perpendicular to the a-axis) of 1 mm. Typi-
cally crystals equal to or larger than 1 mm were chosen for 
experiment purposes to provide sufficient surface area for 
multiple indentations.

Experiments for further characterization of elastic 
behavior required access to indentation axes perpendic-
ular to planes that were not exposed in the single crystal 
morphologies that presented, such as the (100) and (001) 
planes corresponding to the a and c crystallographic 
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axes. In such cases, crystals were embedded in a hard-
ened epoxy and cleaved to expose the necessary planes 
and sanded down with decreasing particle sizes. In par-
ticular, the hardened epoxy used here was the ‘Alum-
inite Amazing Casting Resin’ due to its lower volumetric 
contraction on curing. The surfaces were then polished 
using silicon carbide sandpaper with a < 8 μm average 
particle diameter.

2.2 � Methods to obtain anisotropic elastic 
constitutive properties

This work presents experimentally obtained indentation 
material properties to describe the anisotropic elastic 
behavior of β-HMX as a response to external loading 
applied to different planes of the crystal. This section 
describes the experimental and theoretical methods 
employed.

Fig. 1   Identified faces of 
β-HMX crystals for two mor-
phologies: a, c morphology 1 
and b, d morphology 2

Fig. 2   a Crystallographic axes and planes of monoclinic β-HMX. b Before and after images showing cleaving of embedded β-HMX crystal to 
expose (100) plane
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2.2.1 � Nanoindentation

Nanoindentation has been used in multiple studies of 
material elastic behavior and has proven to be a reli-
able technique to measure local elastic material proper-
ties [21–24], extending to elastic properties of Ems [5]. 
Properties such as elastic modulus and hardness can be 
easily obtained via nanoindentation due to the underly-
ing fact that displacements recovered during unloading 
are known to be mainly elastic. In this work, a NanoTest 
platform (Micro Materials Ltd., UK) [25] is used to perform 
the indentation experiments. Multiple indentations were 
performed, at various indentation depths, on each plane 
at room temperature with a Berkovich type indenter hav-
ing a diamond tip radius of 20 nm. Figure 3a shows the 
indentation test setup. Sample crystals were oriented with 
the loading plane of interest perpendicular to the indenter 
and indentations were spaced with a minimum of 100 μm 
between each indent to limit the possibility of coalescence 
between indents. The machine compliance is corrected as 
detailed in previous work [21] (Fig. 3b).

2.2.2 � Hardness and elastic modulus evaluation

An indentation experiment is characterized by loading 
applied by the indenter until the desired maximum load 
is achieved, whereby the maximum load is held for 5 s and 
then unloaded. Each indentation experiment produces a 
load-depth plot, an example of which can be observed 
in Fig. 4.

The Oliver–Pharr’s method [26] is used to calculate the 
indentation modulus and hardness. In the case of isotropic 
materials, the Oliver–Pharr method has been shown to 
estimate material properties such as Young’s modulus to a 
high accuracy, about 4% of literature values. However, this 
is not the case for anisotropic materials as the indentation 
modulus represents more of a weighted average value as 

deformation involves multiple directions [27]. Therefore, in 
this work, the indentation moduli for each direction will be 
obtained individually, as weighted averages, and compared 
to actual elastic constants for those directions. To obtain the 
necessary parameters, the values obtained from the indenta-
tion experiment are fit the load-depth curve obtained from 
the experiment.

where Am and m are parameters obtained empirically from 
the power law equation, h is the indentation depth corre-
sponding to a specific load P, and hf is the plastic indenta-
tion depth remaining after the load has been completely 
removed. The indentation hardness can be calculated as,

(1)P = Am

(

h − hf
)m

(2)H =
Pmax

A

Fig. 3   Nanoindentation experiment setup

Fig. 4   Indentation load–depth plot
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For a Berkovich indenter, the contact area can be 
estimated as 24.5h2

c
 , where hc is the contact depth. The 

reduced indentation modulus (Mr) is calculated as,

The indentation modulus of the material is then 
obtained from the relation,

Constants υ and M are the Poisson’s ratio and indenta-
tion modulus of the sample, while υi and Ei represents Pois-
son’s ratio and Young’s modulus of the indenter, respec-
tively. The Poisson ratios used in this work were obtained 
from values presented in literature [6] and approximated 
thus,

Therefore, 0.33, 0.3, and 0.4 were used for ν1, ν2, ν3 and 
respectively.

2.2.3 � Indentation size effect (ISE)

Previous studies of hardness obtained by nanoindenta-
tion have shown a dependence of the measured values 
of hardness on ‘indentation size’, i.e. the indirect variation 
of hardness with indentation depth. This phenomenon is 
referred to as the indentation size effect (ISE) and some 
possible explanations of the causes of this behavior, par-
ticularly in crystalline materials, have been proposed in 
literature [28], for instance the strain gradient plasticity 
theory [21]. The hardness eventually reaches a constant 
value which can be quantified according to the Nix–Gao 
relation [28] as:

Here, H is the hardness value corresponding to a cer-
tain indentation depth h. H0 is the final constant hardness 
value at infinite depth, and h* is a characteristic length 
parameter, both of which are important parameters nec-
essary for the definition of constitutive equations in strain 
gradient plasticity theory [21]. Equation 6 can be rewritten 
as,

(3)Mr =

√

�

2

S
√

A

(4)1

Mr

=
1 − �

2

M
+

1 − �
2

i

Ei

(5)�i =

�ij + �ik

2

(6)
H

H0

=

√

1 +
h∗

h

(7)H2
= H2

0

(

1 +
h∗

h

)

H and h values are obtained here from experiment 
results.

2.3 � Methods to obtain anisotropic 
strain‑rate‑dependent viscoplastic constitutive 
model

In order to describe the anisotropic viscoplastic behavior 
of β-HMX crystals, a viscoplastic constitutive power law is 
defined, and experimental orientation-dependent visco-
plastic parameters are obtained in this work. In a previous 
work [29], the behavior of Hydroxy-Terminated Polybuta-
diene (HTPB)-HMX based PBXs have been modelled using 
a cohesive finite element method (CFEM) based simulation 
software. The developed CFEM model used polycrystal-
line HMX parameters in order to obtain an approximated 
description of the viscoplastic behavior of the material. 
Here, we present a study into the orientation dependence 
of these parameters, giving a more detailed description of 
the range of possible behavioral limits and how well previ-
ous approximations fit into this range.

2.3.1 � Dynamic small‑scale impact experiments

The viscoplastic constitutive parameters are obtained 
via nanoscale dynamic impact in regions of interest on 
selected β-HMX crystal phases. The specific equipment 
used for this experiment is impact module of Micro Mate-
rials, UK. This equipment and the corresponding technique 
have been used to successfully obtain mechanical proper-
ties of other EMs at small scale such as HTPB-AP interface 
[30]. In this experimental setup, the sample is positioned 
in front of a spherical impactor with the plane face of inter-
est oriented perpendicular to the impactor. The sample 
is mounted on a three-dimensional stage and the entire 
setup sits on a “floating” platform; thus, the sample can 
be moved freely in all directions. The impactor is a conical 
indenter of radius 1 μm, it is mounted on a vertical pen-
dulum which hangs on a frictionless spring. Impact on the 
sample is achieved through the use of electromagnets on 
the vertical pendulum and as such different magnitudes 
of desired impact force can be achieved. The schematic for 
the equipment setup is shown in Fig. 5 , [19], below.

Depth is measured by the distance between the 
capacitors located behind the impactor and the velocity 
is obtained by a continuous differentiation of the depth-
time plot. Impact is performed on each plane of interest 
on multiple samples. The stress, strain, and average strain 
rate of the experiment can be obtained using values from 
the depth-time and velocity–time plot. Figure 5b shows 
an example of a plot output from one impact experiment. 
The impact strain rate is calculated as,
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where hmax is the maximum depth and Vin is the maximum 
velocity. The strain and stress are also calculated as,

where hres is the residual depth and P is the impact 
load. These values are fit to a power law model which is 
assumed to represent the effective stress-effective visco-
plastic strain relationship.

2.3.2 � Viscoplastic constitutive parameter evaluation

Following the method outlined by Prakash et al. [18], we 
obtain the orientation dependent viscoplastic model 
parameters for each plane by fitting the load related val-
ues obtained above to a power law model:

where

(8)𝜀̇ ≈
Vin

hmax

(9)� ≈

h2
res

h2
max

(10)� ≈
P

�h2
max

(11)� = A
(

�
vp)n

,

(12)A = F0

(

̇
𝜀
vp

̇
𝜀
0

)m

.

Here, �vp is the effective viscoplastic strain, and ̇𝜀
vp

 is 
the effective viscoplastic strain rate. The coefficient, A, is 
plotted against the effective viscoplastic strain rate on a 
log–log scale to obtain F0 and m parameters more simply 
as the slope and intercept of the plot. The parameters fit 
to a power law model useful for predicting the constitu-
tive behavior of the material at higher strain rates [30]. 
Here, the parameter ‘m’ represents the strain rate expo-
nent and the parameter ‘n’ represents the strain harden-
ing exponent, signifying the quantifiable influence of the 
effective viscoplastic strain rate and strain respectively on 
the measured effective stress. The validity of the viscoplas-
tic equivalent stress–strain power law for modeling the 
behavior of this material has been evaluated in previous 
work [18]. Here, we obtain the parameters to define the 
anisotropic viscoplastic behavior in each different orienta-
tions of interest in the examined single crystal.

3 � Results and discussion

Using the process detailed above, at different loads, 
multiple indentations were performed on each plane 
of interest on the HMX crystals. Grown crystal samples 
presented smooth surfaces parallel to {010}, {011}, and 
{110} planes and these were used in experiments with-
out modification. Indentations were also performed 
on planes perpendicular to the three crystallographic 
axes to characterize behavior on these planes. Two out 
of three of these planes, (100) and (001) perpendicular 
to the monoclinic a and c axes, respectively, did not 

Fig. 5   a Small-scale dynamic impact experiment setup. b Load–depth plot and derived velocity–time plot from one impact experiment



Vol.:(0123456789)

SN Applied Sciences           (2021) 3:875  | https://doi.org/10.1007/s42452-021-04862-4	 Research Article

present parallel facets naturally in the samples grown. As 
such, modifications, detailed above (Fig. 2), were made 
to expose them. The plane perpendicular to the b crys-
tallographic axis, the (010) plane, naturally presented 
on examined crystal samples as shown in Fig. 1 earlier 
(Fig. 6).

In order to define the indentation moduli for the three 
main axial directions ({010}, {011}, and {110}), an additional 
plane was required to be exposed for loading. Indenta-
tion moduli corresponding to the elastic moduli, E22 and 
E33, were obtained directly as the b and c crystallographic 
axes were intentionally oriented along the 2 and 3 axes as 
shown in Fig. 2a. The indentation modulus correspond-
ing to the directional elastic modulus, E11, however, were 
obtained by loading along a direction determined by 
the cross product between the a and c crystallographic 
axes. The results of the moduli obtained by indentation 
for these three directions are presented in Table 1 (Fig. 7).

Our results for modulus in the E22 direction showed 
good agreement with the value presented by Kucheyev 
et  al. [12], in which Berkovich indentations were per-
formed. The work of Li et al. [11] also presents moduli for 
different facets of β-HMX crystals as obtained by Berkovich 
indentation. However, our values are significantly lower 
than their presented results. As discussed above, this is not 
unique to nanoindentation as other means of experimen-
tal determination of elastic moduli for this material also 
present discrepancies. It should be noted however, that 
values obtained present a similarity to values obtained by 
molecular dynamics simulations [31] with a maximum of 
12% error, and otherwise reasonably fit into the statisti-
cally determined range of values presented, obtained from 
both numerical and experimental methods. Moreover, 

Fig. 6   Indentation load versus depth plot comparisons of different 
planes of β-HMX crystal

Table 1   Indentation moduli 
obtained from this work in 
comparison to elastic moduli 
presented in published works

Eii This work Li et al. [11] Kucheyev 
et al. [12]

Stevens 
et al. [10]

Zaug et al. [8] Sewell et al. [6]

E11 14.21 – – 8.58 11.82 14.23
E22 16.65 23.18 17.6 10.95 24.04 14.88
E33 11.65 26.05 – 5.37 9.69 12.85

Fig. 7   Imaged indentations performed on the (010) facet of a β-HMX crystal
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the values obtained in this work agree with most works 
which show E22 to be the largest and E33 to be the small-
est moduli.

The anisotropic behavior of three different orientations 
with respect to indentation modulus and hardness can be 
observed in Fig. 8. Here, the properties of planes corre-
sponding to the three main crystallographic axes are com-
pared and anisotropic behavior can clearly be observed 
in the values of measured properties with changing 
indentation load/depth. The hardness and plastic depth 
values were fit using the Nix–Gao relation detailed above, 
the results are shown in Fig. 9. The indentation moduli, 
hardness, and Nix-Gao relation fitted values obtained for 
each plane are presented in Table 2. Li et al. [11] presented 

hardness values for the (010) face of β-HMX as 1.13 GPa, 
also obtained via Berkovich indentations on the crystal 
facet. This is in general agreement with the value of 1 GPa, 
for arbitrarily oriented HMX crystals, presented by Burch 
et al. [13], however our value of 0.55 GPa for the same facet 
(010) are significantly lower and closer to the value of 0.65 
GPa presented by Kucheyev et al. [12].

A significant amount of the data on hardness for β-HMX 
presented in literature focuses on the Vickers Hardness 
Number (VHN). Studies have shown the hardness values 
from Vickers indentations to be similar to, however slightly 
lower than, values obtained for Berkovich indentations 
[32, 33]. The hardness values obtained here are higher but 
close in value to the VHNs; 0.41 GPa obtained by Amuzu 
et al. [34] and 0.4 GPa obtained by Palmer and Field [5]. 
However, both works did not indicate specific orientations 
for the values. A VHN range of 0.3–0.36 GPa, presented 
by Gallagher et al. [2] for indentations made on the (010), 
{011}, and {110} planes, fall lower comparatively.

Viscoplastic parameters were also obtained in this 
work for the viscoplastic effective stress–strain power law 
described above. These parameters were obtained via 

Fig. 8   Anisotropic behavior of β-HMX crystal planes with respect to modulus and hardness

Fig. 9   Comparisons of Nix Gao fitting of hardness data for 3 planes

Table 2   Properties obtained for each tested plane of β-HMX by 
indentation

Plane M (GPa) H (GPa) H0 (GPa) h* (μm)

100 14.84 ± 0.33 0.42 ± 0.02 0.20 12.88
010 16.65 ± 0.57 0.55 ± 0.02 0.48 0.99
001 11.65 ± 0.22 0.56 ± 0.01 0.29 9.66
110 21.04 ± 0.59 0.65 ± 0.02 0.56 127.55
011 14.79 ± 0.38 0.51 ± 0.01 0.26 8.97
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small-scale dynamic impact experiments, to describe the 
viscoplastic behavior. Viscoplastic parameters for polycrys-
talline HMX embedded in a polymeric binder have been 
obtained in a previous work [35]. As the material was poly-
crystalline, due to the underlying assumption of isotropy, 
the parameters obtained were independent of orientation. 
The parameters for Ammonium Perchlorate (AP) have also 
been obtained in a previous work and both parameters are 
included below for comparison. The orientation depend-
ent viscoplastic parameters for the viscoplastic effective 
stress–strain power law are presented in Table 3. Figure 10 
shows the fitting of the data obtained for the (100) plane 
to the viscoplastic power law at multiple strain rates.

From the results presented above, we observed that 
viscoplastic strain for the {110} plane appears to have 
the highest comparative dependency on strain rate, as 
determined by the stain rate exponent ‘m’. The strain 
values are predicted to be the highest in comparison 

to other planes at a given strain rate and stress. This 
behavior is as expected as this plane has a high value of 
the strain hardening exponent ‘n’ as well. These findings 
appear to agree with results obtained by Zamiri et al. [17] 
in the anisotropic simulation of β-HMX, where simula-
tion, and compared experimental data [7], showed the 
{110} plane to be relatively more prone to plastic defor-
mation. In addition, the results potentially corroborate 
work by Conroy et al. [16] which found maximum prin-
cipal stress to be greatest for the {110} and {011} plane 
compressions. The (100) plane appears to have the 
lowest dependency on strain rate and resultingly low 
comparative viscoplastic strains. Viscoplastic behavior 
of AP will be closer to the behavior predicted for most 
planes in terms of strain rate dependency, as the strain 
rate exponent value is closer to the average. However, in 
comparison to most planes, the values for polycrystalline 
HMX predict low viscoplastic strains closer to the lowest 
values of the (100) plane, with similar exponent values. 
Figure 11 shows the comparative values of the exponent 
parameters.

An interesting finding in this work is that the planes 
with the most and least comparative viscoplastic strains 
also had the highest and lowest hardness, respectively. 
This result is considered to be as expected as materials 
with higher hardness values will in turn have a higher 
values of yield strength.

Table 3   Anisotropic viscoplastic parameters

a [18] 
b [35]

Plane F0 m n

100 1.06 0.13 0.26
010 0.46 1.17 0.33
001 0.32 1.8 0.16
110 0.11 2.1 0.59
011 0.21 1.83 0.27
APa 0.016 1.61 0.17
Polycrystab 0.95 0.5 0.63

Fig. 10   Viscoplastic model parameters are obtained by fitting impact data to viscoplastic power law from 100 plane
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4 � Conclusions

In this work, experimentally obtained constitutive 
parameters for modeling the anisotropy dependent 
mechanical behavior of β-HMX were presented. Inden-
tation modulus and hardness values were obtained for 
each plane via nanoindentation experiments. Results 
obtained fit well into a statistically determined range of 
values obtained from both numerical and experimental 
methods presented in literature. Nanoindentation has 
been shown to estimate the elastic modulus of isotropic 
materials to a 4% accuracy and as such, these results and 
future validations may present a discussion on the possi-
bility of nanoindentation providing a means of obtaining 
acceptable approximations of anisotropic elastic moduli.

Viscoplastic constitutive parameters were also 
obtained for each plane by fitting the values obtained 
from dynamic impact experiments to a power law model. 
The results showed the {110} plane to have the high-
est comparative viscoplastic strains respectively at a 
given strain rate and stress, which is supported by other 
findings in literature. The parameters presented in this 
work could provide a more accurate description of the 
anisotropic behavior of β-HMX in the prediction of the 
performance of HMX based EMs.
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