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Abstract:

Ensuring good ignition properties over long periods of time necessitates maintaining a good level of
porosity in powders of initiator materials and preventing particle coarsening. To simulate porosity changes
of such powder materials over long periods of time a common strategy is to perform accelerated aging
experiments over shorter time spans at elevated temperatures. In this paper we examine historical
accelerated-aging data on powders of Pentaerythritol Tetranitrate (PETN), an important energetic material,
and make predictions for long-term aging under ambient conditions. We develop an evaporation-

condensation-based model to provide some mechanistic understanding of the coarsening process.
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1. Introduction

Pentaerythritol Tetranitrate (PETN) is an important energetic molecular crystal [1] with applications
ranging from the treatment of cardiovascular diseases [2, 3] to an essential high-explosive component for
military applications [4]. The ignition characteristics of PETN powder strongly depend on its porosity
level as well as its density, with an optimum porosity level needed to be maintained over a period of years
to decades [5]. However, experimental evidence indicates that such powder coarsens (i.e. densifies) over
time leading to a reduction in porosity. In order to quantify such reduction, accelerated aging experiments
at elevated temperatures have been performed [6-10] with the hope that such behavior can be extrapolated
to make predictions on long-term aging under ambient conditions. Previously we have attempted to study
this problem at the molecular level using a variety of experimental analysis and atomistic and coarse-
grained simulations [11-16]. Although such approach yields useful insights, it cannot in a straightforward

manner provide a predictive tool for lifetime assessment of powder coarsening and densification.

In this paper we take a more practical approach in which we analyze a set of historical accelerated-
aging data and make room temperature extrapolation from such data. Further, we develop a simple model
based on basic molecular kinetic processes in an attempt to understand the underlying coarsening

mechanisms of PETN.

2. Coarsening data and lifetime prediction

Traditionally the measurement of powder porosity has involved the method of permeametry in which a
gas (like air) is allowed to permeate through a powder bed of known dimensions and the flux measured as a
function of the pressure differential across the bed. The flux, which is a direct measure of the powder
porosity, can be related to an average particle size <d> through an equation derived by Gooden and Smith
[17], which forms the basis of the widely used method of Fisher sub-sieve size analysis [18]. It is a
common convention to express porosity not in terms of <d>, but rather the equivalent specific surface area

of spherical particles of diameter <d>, given by 6/(p <d>), where p is the crystal density of the material



from which the powder was made (i.e. the density of the powder with zero porosity). To avoid any
possible confusion with other methods of measuring specific surface area, e.g. BET [19], we refer to the

permeametry-measured specific surface area as the Fisher sub-sieve surface area (FSSA) in the rest of the

paper.

For a given powder density, one expects higher impact sensitivity (and lower function time [20]) with
increasing FSSA, as has been experimentally observed [21, 22]. An increase in function time can adversely
affect device performance. Thus it is important to monitor the change in FSSA of an explosive powder as it
ages. The purpose of this paper is to examine the historical data on accelerated decrease of FSSA at

elevated temperatures and make long-time extrapolation at room temperature.

Fig. 1 displays historical data of FSSA evolution of PETN powder at temperatures varying between 90
and 125 °C. The data was measured at Pantex [7] using a Fisher sub sieve sizer on a loose powder sample
(density close to 50 % of the theoretical maximum value) and an initial FSSA value of approximately
12.5x10° cm*/g. For each temperature the data shows a sharp initial drop for about 7, ~ 10 hours followed
by a more gradual decrease at longer times. We have not attempted to analyze the detailed time-
dependence of the initial sharp drop because of insufficient experimental data points in that regime. Instead
we focus on the coarsened value of FSSA at the end of time 1, labeled FSS4; below, as a function of
temperature. Fig. 2 plots FSSA4; as a ratio of the initial value FSSA4, = 1.25x10* cm*/g. In order to fit this
data we assume that the FSSA does not change at absolute zero temperature, i.e., FSS4,/FSSAy=1at T=0

K. Including this point in the graph of Fig. 2 leads to the Arrhenius fit:

FSSA, | FSSA, =1— Aexp(-A/ kT), (1)

where 4 ~ 2.7 x 104, A ~ 34.6 kJ/mol is an effective activation barrier for this process, kz the Boltzmann

constant, and 7 the temperature in K.

As for the more gradual part of Fig. 1 we explored the following two functional forms:

FSSA(t)/ FSSA, =1-aIn(t/1,) ; @)



FSSA(t)/ FSSA, = (t/7,)™*, (29

where ¢ > 7; and «a is a decay parameter. Within the experimental duration of 200 hours or less (i.e., /7, <

20, see Fig. 1), both forms (2) and (2') yield essentially the same value of the decay parameter o, as plotted
in Fig. 3 as a function of temperature 7. Just as in Fig. 2, we assume no change in FSSA at 7= 0 K.
However, unlike Fig. 2, the important point in fitting the parameter « (as a function of temperature) is to
estimate its value at room temperature. Thus, more than one scheme was necessary to gauge the errors
involved in such fits. Fig. 3 displays two different interpolation schemes: (1) the Stineman-interpolation

scheme [23], and (2) an Arrhenius formula of the form,

a(T)=A4,exp(-A, / kzT), 3)

where 4, ~ 2.2 x 10°, and A, ~ 34.5 kJ/mol. The two schemes yield essentially identical values at elevated
temperatures (7' more than ~75 °C). However, at room temperature the predicted values of « are
significantly different, ~ 0.007 by the Stineman-interpolation scheme and ~ 0.002 by the Arrhenius scheme.
It should also be noted that o displays a significant amount of scatter as a function of 7, including non-
monotonic behavior at around 100 °C, which may be attributed to uncertainty in experimental

measurements at these temperatures.

Egs. (1), (2 or 2"), and (3) can be used to predict the evolution of FSSA as a function of time. Fig. 4
plots such evolution for various temperatures, which compares well with Fig. 1, thus verifying the

consistency of our fitted parameters.

Next we use these fits to predict long-term aging behavior at room temperature (25 °C). As pointed out
earlier, any PETN powder is typically annealed at an elevated temperature for tens of hours before long-
term deployment as an explosive. As a concrete example, let us consider an initial anneal at 75 °C for a
duration 7, = 100 hours. From Fig. 4 one can see that the FSSA value following this anneal is FSS4, ~ 10*
cm?/g. In order to predict how this FSSA will evolve at room temperature (25 °C) over a period of decades,

we express eq. (2, 2') in a differential form, which respectively yields:



%FSSA(r) = —%FSSAI : (4)

0

a '
> FSSA(t) == — FSSA() 4)

Using the boundary condition that FSSA = FSSA4, at 1 = 1,, we can solve egs. (4, 4') to obtain the following

evolution equations for FSSA:

FSSA(t) = FSSA, —a.FSS4,.In(t/7,) ; (5)
FSSA(t) = FSSA4,.(t /7)), (5"

where ¢ 27, . Fig. 5 plots FSSA evolution under long-term aging at room temperature using eqs. (5) and

(5') with the decay parameter a estimated both from Stineman-interpolation and the Arrhenius expression
(eq. (3)). From these estimates the decrease in FSSA at room temperature over a period of 50 years appears

to be in the range of 2-6% of the initially annealed value (F:SS4,) (see Fig. 5).

3. Analysis

In order to gain some mechanistic insight into the coarsening process underlying the data in Fig. 1, it
is necessary to understand all relevant atomic-level mass-transfer processes. There are broadly two classes
of such processes, i.e., (i) evaporation-condensation, in which PETN molecules detach from a particle
surface, diffuse through the gas phase, and then condense on the surface of a different particle; and (ii)
surface diffusion, in which the molecule undergoes long-term diffusion on (solid) particle surfaces without
detaching into the gas phase. For PETN, both these processes are likely operational under the temperature
conditions of our interest. A full mathematical description of such molecular-level coarsening is a
formidable challenge, especially given the uncertainties in particle size and shape distribution, surface

roughness, nature of porosity, etc., and might require incorporating complex processes like sintering.



Nevertheless, to make some progress we proceed with a simple working model about the system, which
consists of the following assumptions: (1) a collection of detached spherical particles (which can be
corrected for realistic shapes by appropriate eccentricity factors); (2) a surface roughness factor that can
evolve over time; (3) inter-particle mass transfer occurring solely through the evaporation-condensation
mechanism, while the evolution of surface roughness of each particle being controlled through both surface

diffusion and evaporation-condensation.

Below we derive the equations that govern the rate of change of particle sizes with time. The most
important thermodynamic driving factor for evaporation-condensation-based coarsening is the Gibb’s-

Thomson/Kelvin effect [24], according to which the equilibrium pressure of a spherical particle of radius

. 2 . .
is given by P(r) =P, exp(at/ r) , where o = ﬁ, o being the surface energy density, and v the volume
B

of a PETN molecule in the solid (i.e. crystal) phase. In the above P, is the equilibrium pressure of bulk

PETN, which is known experimentally [11].

Assuming a set of {N,;} particles with discrete radii {r;}, and a size-independent roughness factor “s”
(which can also be interpreted as the “kink density” or “sticking coefficient” and which can be effectively
enhanced by the presence of surface features like small particles, undulations, inclusions, protrusions, etc.)
the net addition of molecules per unit time into a particle of radius » from the surrounding gas phase is then

given by:
o(r) = 4mrs(P,, — P(r))/ [ 2mmk 4T = 4mr*s(P,, — P,, exp(a /1)) [ \[2nmkzT . (6)
In eq. (6) above m is the mass of a PETN molecule, and the equilibrium pressure P, is given by:

z N; rjz () exp(—a/r; (1))

P, (1)=P, - ,
eq o0

DN @

J

()

which follows from the condition of mass conservation, i.e., ZN j¢(r;)=0. Given that the rate of

J
volume change of a particle is just a product of ¢(r) and v, the rate of change of radius is given by:



dr; 1)
dt

=sv(P,, (1) =P, exp(a /r; (1)) /| 2mmk g T . ®)

The specific area FSSA at time ¢ is given by:

YN (0)
FSSA(t)=—2L——,
PN ()

J

)
where p = 1.78 g/em’ is the bulk PETN density. Note that eq. (9) neglects the contribution of surface

roughness to the specific surface area, consistent with FSSA measurements.

Egs. (6) through (9) can be employed to describe the FSSA evolution of a collection of spherical
particles. Assuming a specific bimodal distribution as shown in Fig. 6 (top), the time evolution at a specific
temperature (90 °C) is shown in Fig. 6 (bottom) for various constant (i.e. time-independent) values of the
parameter s. When we compare the results of Fig. 6 (bottom) with the experimental behavior of Fig. 1 at
90 °C (shown by the dotted line in Fig. 6) we immediately recognize that the initial steep part corresponds
to a larger value of s (perhaps ~ 0.1), while the flat part mandates a small value of s (~ 0.001). In fact,
solving eqs. (6) through (9) at different temperatures and comparing with the behavior of Fig. 1 leads to the
following picture: initially the particles start out rough. However, within a short time 7; (~ 10 hours) the
particles smoothen considerably, with the level of smoothing being higher (i.e. lower s) higher the
temperature. For longer times the s does not change as significantly. However, the small values of s lead to
a more gradual change in FSSA. In this gradual region other mechanisms might come into play, e.g.,
particle coalescing through neck formation (sintering) etc., which is not taken into account in our model.
We would like to note that small values of s (in the thousandths) are indeed consistent with the recently

observed rate of mass loss from single crystal surfaces using thermo-gravimetric (TGA) measurements

[25].

Fig. 7 shows direct experimental evidence in favor of higher levels of smoothing with increasing
temperature. In this experiment the sample was first annealed at a lower T (75 °C) for 75 hours before

exposure to an elevated T (100 °C) for an additional 100 hours. At the point of temperature change the level



of roughness corresponded to the gradual part of 75 °C, which was still rougher than the level of
smoothness that could have been reached if the sample was annealed at 100 °C from the very beginning.
Once the temperature was switched from 75 °C to 100 °C, the sample displayed a faster rate of FSSA loss

until the level of smoothness reached that corresponding to the gradual part of 100 °C.

4. Summary and future work

To summarize, we have used historical data of surface area evolution of PETN at elevated
temperatures in order to predict long-term aging effects under ambient conditions. To gauge the uncertainty
in fitting procedures, we used two different fits, i.e., an Arrhenius-type fit and a Stineman-interpolation
scheme, and find that the specific surface area change at room temperature over 50 years should be within
2-6 % of the initially annealed value. The experimental data indicates a steep initial decrease in FSSA
followed by a long-term gradual decrease. We find that such behavior can be explained within the
evaporation-condensation-driven coarsening by assuming that initially rough particles undergo rapid
surface smoothing (mediated by local surface diffusion of molecules), followed by more gradual
coarsening of relatively smooth particles. The degree of smoothness achieved is higher for higher

temperatures.

Given the uncertainties in sample quality employed in the historical data presented here, similar
measurements on fresh PETN powder samples are currently being performed within our group. Initial data
seem to indicate similar patterns as Fig. 1, i.e., a sharp initial decrease followed by more gradual long-term
coarsening. However, the actual values of FSSA depend strongly on preparation history, process
parameters etc. We are also exploring the effect of adding a controlled amount of various impurities.

Details will appear in forthcoming publications.
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Fig. 1. Time-evolution of the Fisher sub-sieve surface area (FSSA) of a PETN powder at various elevated
temperatures. The powder density is ~ 50 % of the theoretical maximum and the initial FSSA is 1.25x10"
cm?’/g. At each temperature there is a steep initial drop, followed by a more gradual long-term decrease.
Despite smoothness of data along each isotherm, there are some inconsistencies due to possible
experimental errors, e.g., the 100 °C and 105 °C data are too close and nearly overlap. Experimental data is
from ref. [7].
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Fig. 2. Initial steep drop of FSSA as a function of temperature: Plot of FSSA at time 7; = 10 hrs (FSS4,)
expressed as a fraction of the initial value (FSS4,). The solid line is an Arrhenius fit of the form:

FSSA4, / FSSA, =1-Aexp(-A/kzT), see eq. (1).
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Fig. 3. Plot of the decay parameter o for the slowly evolving part of Fig. 1 (see eq. (2) and (2')) as a
function of temperature 7. Experimental points are indicated by circles. The dashed curve is a Stineman-

interpolation fit, while the dotted curve is an Arrhenius fit of the form: a(7) = 4, exp(-A, / kzT), see eq.
(3). (Inset) The same plot zoomed in for temperatures between 25 and 125 C.
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Fig. 4. Evolution of FSSA as a function of time as predicted from egs. (1), (2), and (3). The results are to be
compared with the data of Fig. 1. The various temperatures are indicated in the inset. An extra plot at 75 °C
is included. The evolution curves using eq. (2') instead of eq. (2) are almost the same, and hence not shown
separately.
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Fig. 5. Prediction of FSSA evolution under long-term aging at room temperature: solid curves are obtained
using eq. (5), while dashed curves are obtained with eq. (5'). Upper (lower) set of curves are obtained using
values of a at room temperature estimated by the Arrhenius (interpolation) schemes respectively.
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Fig. 6. (top) Model bimodal initial particle size distribution used with egs. 6 through 9; (bottom) computed
FSSA evolution at T =90 °C for various constant (i.e. time-independent) values of the roughness parameter
s. The experimental curve (from Fig. 1) is indicated by the dashed line.
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Fig. 7. Effect on FSSA evolution upon increasing the temperature from 75 °C to 100 °C in the middle of
annealing. When the temperature is switched from 75 °C to 100 °C (at ¢ = 75 hours) the sample displays a
faster rate of FSSA loss until the FSSA evolution curve reaches that corresponding to 100°C. Note that this
sample has an initial FSSA value of 1.8x10* cm*/g, which is higher than that used in the experiment of Fig.
1. Experimental data is courtesy of ref. [7].
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