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Abstract:

While most performance metrics of high-explosive based devices like detonation velocity, detonation
pressure, and energy output are expected to degrade over time, the evolution of initiation threshold appears
less clear, with claims of both increasing and decreasing trends in threshold having been made in the
literature. This work analyzes D-optimally designed sequential binary test data for a few thermally
conditioned porous-powder and polymer-bonded HE initiator systems using a Bayesian likelihood method
employing the probit regression model. We find that in most cases the initiation threshold decreases (i.e.,
sensitivity increases) upon accelerated thermal conditioning. However, such results are nuanced and
influenced by factors like the contact area of initiating stimulus, HE characteristics like density and specific

surface area, as well as possible thermally induced changes to other materials and interfaces involved.
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1. Introduction

High explosives are energetic materials usually in the form of molecular crystals, where each molecule
comprises both oxidizer and fuel-incorporating functional groups [1, 2]. Having the oxidizer and fuel within
the same molecular component is key to powerful detonations that have become indispensable in
construction/demolition engineering, welding, automotive airbags, mining, military, and other applications.
In a typical detonator system the detonation process begins with an initiation train that consists of one or
more secondary HEs, which are powerful, but insensitive energetic materials that (for impact initiation) can
only be initiated through stimulus of critical size, shape and strength of the impactor. Such design is mandated
by safety and control requirements to prevent unintended detonation related accidents and hazards. While
there are different types of detonator-system designs, two most common ones, especially relevant for
secondary HE systems, are the Exploding Bridge Wire (EBW) and the Exploding Foil Initiators (EFI) [3, 4].
In the EBW design a metal bridge wire is in direct contact with porous secondary HE, typically pressed to
around 50% of crystalline density. Initiation in such devices is believed to occur through shock waves
generated when the bridge wire is made to explode. EFI designs on the other hand converts electrical energy
from a high voltage capacitor discharge into intense localized heat, which instantly vaporizes a metal foil
into a high-pressure plasma that pushes a polymer film (typically polyimide), commonly referred to as a
‘flyer’ or ‘slapper’. The flyer accelerates through a gap and directly impacts a high-density HE pellet with
high velocity, and the resulting shock wave leads to detonation. In either design the initial explosion of the
wire or foil is carried out by the application of a voltage in a control circuit, referred to below as ‘firing
voltage’ for simplicity. In many applications the HE pellet is typically an energetic material slurry-coated
with a few weight percent of a polymer-binder and pressed to a high density (> 90% of the corresponding
crystalline density). Henceforth we refer to such polymer-bonded explosive system as a PBX. When working
with such high-energy devices two complementary aspects of high importance are safety and performance.
While safety encompasses prevention of accidental explosive ignition, performance hinges on successful

detonation at high enough firing voltages.

In many applications the systems are stored or fielded for extended periods of time. It is thus of great

interest to know how the safety and performance characteristics of such devices change in the long term [5,



6]. While performance characteristics such as function time [4, 6, 7], detonation pressure, and output energy
are expected to degrade over time, the evolution of the initiation sensitivity of the HE or the detonator
assembly is not clear. For instance, in EBW studies on low-density powder pressings of PETN Dinegar and
co-workers [8] have observed a positive correlation between initiation threshold voltage and flow-permeable
specific surface area (FSSA). Given that thermal conditioning causes gradual reduction in FSSA [5, 6, 7, 9],
the above implies decreasing initiation threshold voltage (i.e., increasing initiation sensitivity) over time. A
recent large-scale study on PETN powder [10] also indicate similar behavior, although the thermally induced
reduction in initiation threshold voltage in this study was not statistically significant. This was perhaps due
to limited conditioning (1 month at 75°C) and would likely have been significant with longer duration and/or
higher conditioning temperatures. In contrast, independent EFI studies with PBX PETN based initiators [11]
found an increase in the initiation threshold (i.e., decrease in initiation sensitivity) with thermal conditioning.
A recent study [12] found the same effect in a Hexanitrostilbene (HNS) and HMX-based EFI system,
although the increase in initiation threshold was found to be non-monotonic as a function of time. In light of
the above discussion, we wanted to analyze available initiation-test data on various systems obtained over

the years in our group, with the hope of shedding deeper light into this important problem.

The rest of the paper is organized as follows. In section 2 we provide a brief discussion of D-optimally
designed sequential binary tests in general and our method of analyzing such data to determine a point
estimate of the initiation threshold and the associated statistical uncertainty (i.e., confidence margins). In
section 3 we analyze experimentally measured sensitivity data for a few thermally conditioned systems,
including two EBW applications (one using HMX and the other using PETN) and three EFI applications (all
using PETN based PBX). For the EBW systems the whole component (including the HE and the metal bridge
wire) was thermally conditioned, while for the EFI systems we considered situations where: (1) only the PBX
material was conditioned, (2) only the (polyimide-based) flyer was conditioned, and (3) the entire EFI
component was conditioned. Finally, in Section 4 we attempt to provide some rationalization of our findings,

although the physics of detonation is admittedly complex, and our understanding is far from complete.



2. D-optimal design of sequential binary data and initiation threshold

Let us consider a set of n similar HE systems that are sequentially fired at voltages V; (i = 1, 2, ..., n).
Let the corresponding binary observations of successful (GO) and unsuccessful (NOGO) detonation be

encoded in variable {y;} (y = 1/0 for GO/NOGO). The likelihood (L) of the observed data is given by:

Lo [Ty py* (1 = p)' (1

where p; is the probability of successful initiation at firing voltage V;. In a probit regression setting the

initiation probabilities {p;} are modeled as:

pi = (Bo + V) , (2)

where @ is the cumulative distribution function (cdf) of the standard normal distribution, and (S, ;) are

probit regression coefficients. Neyer [13] expressed eq. (2) in the form,

pi = ®((V; —w)/a), (3)

where p is the 50% threshold voltage, i.e., the firing voltage at which the probability of initiation is 50%, and
o is a ‘scale parameter’ that controls how fast the initiation probability changes with change in the firing
voltage around p. In the following we loosely refer to u as the ‘initiation threshold voltage’ or ‘initiation
threshold” or simply ‘threshold’. Comparing eq. (2) and (3) we obtain the relations: 4 = — 8,/8, and 0 =

1/B;. When transforming from the variables (B,, ;) to variables (i, o) the Jacobian of transformation is

1/03,ie., [[ dBodB, — [[ o73dudo.

For reliable determination of initiation threshold, it is important to design the firing voltages such that u
can be determined with minimum uncertainty for a given number of shots. To address this problem, Neyer
proposed a D-optimal design, i.e., one in which each V; is chosen such that it maximizes the Fisher
information [14] of the first i shots. Such design was shown to be an improvement over previous methods,
e.g., the Bruceton, Robbins-Monroe, and the Langley methods [15-17]. To use the D-optimal scheme, it is

first necessary to establish overlap, i.e., observe a NOGO response at a voltage higher than a GO response.



Although Neyer’s SenTest software [18] provides an algorithm for establishing overlap, in our experiments
we found it more efficient to use domain knowledge to obtain overlap within a reasonably few (~ 8 or even
fewer) shots. Once overlap is achieved, the remaining voltages are chosen according to the D-optimal scheme

[13, 18].

Once a desired number of shots have been fired (15-30 shots in all data discussed in this paper), it is
common procedure to determine (5, §;) or equivalently (i, o) by the maximum likelihood estimate (MLE),
i.e., determine parameter values that maximize likelihood L. One then performs uncertainty quantification
using the inverse of the Fisher Information matrix. This procedure is accurate when the number of shots is
large. Given that we are often resource-limited, and often work with a D-optimal series of as few as 15 shots,
we adopt a more general Bayesian approach in which we use the Likelihood (eq. (1) and (2)) to construct a
posterior probability density function (pdf) of 4. More specifically, with no prior information, we construct

the following posterior joint pdf of (u, o):
fioine (1, 0) < [Tiey @((Vi — ) /0)” {1 = @((V; — ) /) > (4)

We then integrate out ¢ to obtain the following marginal distribution of u:

Fnarginat () = C J frome(w,0) 073do (5)

where C is a normalization constant and the o2 factor corresponds to the Jacobian of transformation as
discussed earlier. Once the marginal distribution is obtained, we can determine any statistic for y, including
mean, mode, and confidence interval (CI). Below we will specifically make frequent use of two summary
quantities for g, i.e., (1) maximum (or mode) of f4rginar, commonly referred to in the Bayesian literature
as the maximum-a-posteriori (MAP) [19] estimate, and (2) the 90% CI as determined from the 5" and 95™

percentiles of frqarginai-

Before proceeding to the analysis of experimental data, a justification of the (Bayesian) Likelihood

methodology used here is in order. For instance, instead of fp,qrginar» Which requires integration over o, why

not determine CI by the standard formula py.r + Z4 /2 OmLe/ v/n for CI (where 7 is the number of shots, a



the level of significance, and z,/, the 100(1 — a/2)% quantile of the standard normal distribution)? To this
point we would like to add that: (1) although the probit regression model (as employed here) is equivalent to
assuming that the sample-to-sample variation in initiation threshold follows a Normal distribution with
parameters (i, 2), one can never directly measure the initiation threshold value of any specific physical
sample. Thus, when employing binary GO/NOGO experiments one expects greater uncertainty in the
parameters (i, 02) than for properties that could be directly measured; and (2) for the case of small number
of shots (~ 15-30 as employed in all studies reported here) we often see a wide distribution of (u, 62) about
the MLE point that is often not normal-like or even symmetric. Thus, determining symmetric confidence
limits based on just the MLE point may not be appropriate. In all cases we find that the CI constructed by the
Likelihood method is wider than that predicted by the standard formula, i.e., our method naturally
incorporates the higher uncertainty due to direct unobservability of initiation threshold. Furthermore, through
a prior term it can organically include any previous/domain knowledge about the system sensitivity, which
can to some degree assuage uncertainties due a limited number of shots. In cases where a strong correlation
between initiation sensitivity and observed microstructure can be established, it is possible to include that in
the model through additional terms involving microstructure summary variables [11, 20-25]. However, such

data require significant experimental efforts, and in most cases are not available.

In the next section we make use of fr4rginai (€9. (5)) to study the effect of thermal conditioning on p.
More specifically, we use overlaps (or lack thereof) of the fr,qrgina: distributions of pre- and post-conditioned
systems to judge statistical significance of thermally induced change. We would like to point out that the
experimental design method discussed here is appropriate for determining ~ 50% threshold of initition, i.e.,
close to the middle of the response curve. Determining extreme quantile thresholds (e.g., 0.01% thresholds
as in ‘safety’ problems, or 99.9% thresholds as in ‘performance’ scenarios) are more challenging, and are

being addressed in the literature [26, 27].



3. Thermal conditioning effect on initiation threshold voltage

We now make use of the analysis method outlined in the previous section for various datasets. More
specifically, to follow up on varied observations regarding thermally induced effects on initiation threshold
in the literature (as discussed in section 1), we chose to analyze D-optimally designed sequential test data for
EBW or EFI systems employing three different HE systems: (i) porous PETN powder pressed to ~ 50%
porosity (EBW); (ii) porous HMX powder pressed to ~ 50% porosity (EBW); and (iii) high-density PETN

based PBX (EFI).

Table 1 lists five different conditioning studies analyzed here with some details regarding the type of
detonator and HE deployed, thermal conditions, number of test fire shots implemented, etc. We note that
thermal conditioning in all these studies were carried out at elevated temperatures (and in some cases elevated
humidity levels) with the hope of estimating long-term (e.g., decades under ambient storage conditions)
effects using shorter-term experiments. The first two studies employed EBW detonators using porous-powder
HMX and PETN, respectively, while studies 3 and 4 were performed on EFI detonators (flyer sizes ~ 0.6
mm square) both employing high-density PETN based PBX. Study 5 was aimed at exploring the effects of
smaller flyer sizes (0.2 mm square) on initiation sensitivity. We would like to note that these were all disparate
studies using different firing electrical circuits and different thermal conditions and were not systematically
designed with the current analysis in mind. The idea behind the present work was to analyze such diverse
data to glean some broad conclusions on thermally induced effects on initiation threshold with the aim of
validating or clarifying observed conditioning effects in the literature. Given that the initiation threshold
voltage is not just material-depedent but depends strongly on the firing circuit as well, and different firing
circuits were employed in different studies, we chose to ‘normalize’ the results for each study by expressing
them in terms of ratio (percent) to the MAP estimate of the initiation threshold of the corresponding

unconditioned system.

Figure 1 relates to study 1 indicated in Table 1, i.e., an HMX powder pressed to ~ 50% porosity in which

the whole EBW component was subjected to conditioning at elevated temperatures of 75°C and 95°C and

two different humidity levels, i.e., ‘dry’ (< 10% relative humidity) and ‘wet’ (~ 45% RH). The 95°C study



was carried out for 8 weeks, while the 75°C study was carried out for 32 weeks. Fig. 1(a) plots the fi14rginal

distributions of initiation threshold g for various thermal conditions, while Fig. 1(b) displays the
corresponding MAP estimates (small circles) and the 90% confidence interval (vertical error bars). From the
results of Fig. 1 we see that: (1) the initiation threshold decreases (i.e., sensitivity increases) with accelerated
thermal conditioning in a statistically significant way; (2) humid conditions enhance the thermally induced
change in initiation threshold, as do higher conditioning temperature, which is to be expected. For the
conditioning study at 75°C under dry conditions we have also performed sensitivity tests at a few intermediate
times, i.e., 2, 4, 8, 16 weeks to monitor how the initiation threshold evolves as a function of conditioning
time at these elevated temperatures. These results are summarized in Fig. 2, where points (i.e., small circles)
indicate the MAP estimate of initiation threshold and error bars indicate the 90% CI computed from fr,4rginar
distributions. We see that there is an overall decreasing trend in the initiation threshold as a function of time,
although due to wide confidence intervals (i.e., large error bars) the change is statistically not significant until
after 16 weeks of conditioning. We would like to note that although the MAP estimate of the initiation
threshold is robust, the uncertainty (in terms of confidence interval width) appears to be a sensitive function
of the chosen firing voltages as well as the observed outcomes, especially for the small number of samples
employed here in each test series. Thus, we observe large fluctuations in the confidence interval width, with

the uncertainty in the 8-week data being especially large.

Figure 3 displays results of study 2, i.e., a porous-powder PETN system for which the whole EBW was
conditioned for 2 years at 40°C. It appears that there is no statistically significant changes to threshold until
after 24 months when a decreasing trend is detected. Given that with thermal conditioning the FSSA of porous
powders are known to decrease, the results of studies 1 and 2 are consistent with previous observations [9]

of threshold changes as a function of FSSA.

Results of study 3 are displayed in Fig. 4. This was a study in which PETN based PBX was used as the
initiating HE within an EFI device, and only the HE pressings were conditioned. Conditioning was performed
at low humidity under two different temperatures, i.e., for 120 days at 40°C and for 87 days at 75°C. Fig. 4
indicates a thermally induced lowering of the initiation threshold voltage, the change being statistically more

significant under more severe conditions.



Figure 5 displays results of study 4, in which only the flyer material in an EFI system using PETN based
PBX was conditioned (~ 57 hours at 72°C under 50% RH). The conditioning of the flyer in this case leads to
a statistically significant lowering of the initiation threshold. Thus, each of the first four studies indicate the
same overall trend, i.e., an thermally induced lowering of the initiation threshold (i.e., increase in initiation
sensitivity), which gets exacerbated in the presence of moisture. However, as mentioned in the Introduction
section, the opposite behavior has also been observed in some systems. More specifically, a recent sensitivity
study on PETN based EFI detonators found statistically significant increase in initiation threshold due to
thermal conditioning [11]. An important aspect of this work was that it employed much smaller flyer

dimensions (~ 0.2 mm).

In study 5 we analyze sensitivity test data on EFI systems with 0.2 mm flyers using PETN based PBX,
with results displayed in Fig. 6. In this study the whole detonator component (i.e., HE + flyer) was
conditioned for two months at 80°C under dry (< 10% RH) and humid (~ 30% RH) conditions, referred to as
‘T _Cond’ and ‘T&H_Cond’, respectively. From Fig. 6 it appears that thermal conditioning significantly
increases threshold, i.e., lowers initiation sensitivity, while humidity appears to exacerbate the effect by a
small amount. The significantly different results in EFI study 5 as compared to EFI studies 3 and 4 is evidence
of the importance of flyer size. The importance of spot-size has been mentioned in previous works as well

[28].

Before we attempt to summarize and understand the above results on initiation threshold, one comment
on accelerated conditioning is in order. The idea behind using elevated temperatures is that conditioning for
time t at an elevated temperature T is deemed to be equivalent to conditioning for a much longer time (i.e.,
art, where ar > 1 is the corresponding acceleration factor) under long-term ambient storage conditions.
Assuming an Arrhenius model, the acceleration factor is governed by an activation energy barrier, which is
dependent on the system under consideration. For systems with a single dominant evolution mechanism (i.e.,
involving a single activation barrier) the acceleration factor is easy to determine. This assumption is behind
methods such as time-temperature superposition (TTS) that involves rigid-shifting of elevated-temperature
isotherms along logarithmic timescales to create long-term prediction curves under ambient storage

conditions [29-32]. However, for any real multicomponent systems, as is the case with either EBW or EFI



detonators, one needs to be cognizant of the fact that many different mechanisms are at play, and there may
not be a single dominant activation barrier. It is to be noted that the conditioning in the above studies were
performed at different temperatures for varied durations. However, we did not attempt to convert the
accelerated evolution into ‘equivalent’ times under ambient storage conditions. Our intent in this work was
simply to identify statistically significant changes in the initiation threshold and the direction of such change

under accelerated conditions.

4. Summary and Discussion

Through likelihood analysis on probit regression model of sequential binary data we found several
interesting effects of thermal conditioning on the initiation threshold voltage, including: (1) for porous
powder based EBW systems, the initiation threshold decreases (i.e., sensitivity increases) with conditioning
of the whole device. Given past knowledge that initiation threshold of just the HE part decreases with thermal
conditioning [8], the above implies that conditioning of other material components (e.g., metal bridge wire
and other accessorial parts) either also decreases or does not significantly affect initiation threshold; (2) for
PBX based EFI systems with larger-sized (0.6 mm) flyers conditioning also appears to lower initiation
threshold voltage irrespective of whether the HE component or the flyer is conditioned; however such effect
can be quantitatively altered or even reversed when small (0.2 mm) flyers are used; (3) humidity appears to
exacerbate changes due to thermal conditioning. These results help put in perspective previous claims in the

literature where both increase and decrease in initiation threshold has been reported.

It is desirable to understand the above observations in terms of thermally induced microstructural and
mechanical property changes to both the HE and non-HE components of the initiator system. However, this
is challenging given that initiation and propagation of detonation involves complex physical and chemical
processes that are not yet fully understood, despite the development of important theoretical concepts over
several decades [33-38], and despite more recent grain-scale [39-45], multi-scale [46], atomistic [47-51], and
Al-based [52] modeling and simulations. Simplistically, one can conjecture that thermally induced

coarsening leads to the formation of micro-voids (or other structural defects and inhomogeneities) of

10



appropriate dimensions that act as hotspots for easier initiation, i.e., lower threshold. For PBX systems subtle
changes to the grain-scale microstructure have been observed through evolution of X-ray CT summary
statistics [11], although direct observation of void formation requires CT images of higher resolution. Added
to the complexity is the fact that the chemical composition of the polymeric binder (in PBX systems) can
have a significant effect on sensitivity as measured by the gap test while shock response of polymer binders

in general is far from understood [53].

Study 4 (in section 3) was designed to isolate the effect of thermally induced effects within the polyimide
flyer. However, initiation depends not only on the mechanical strength of the flyer but also on its shape and
speed at the time of impact. To obtain further insights into this we have recently imaged various EFIs in
action using a fast-framing camera and measured the flyer velocity using photon Doppler velocimetry (PDV).
These images show that the velocity and shape characteristics of the flyers are relatively unchanged under
the thermal/humidity conditions presented here. Thus, the observed decrease in initiation threshold in Fig. 5
could perhaps be attributed to a thermally induced enhancement in the mechanical strength of the flyer,
possibly due to cross-linking or other chemically induced changes in the polymer film at elevated

temperatures.

It is more difficult to understand and rationalize the results of study 5 that involved small flyers. In
addition to spot size effects [28], it is also known that shock initiation sensitivity can vary as a function of
physical characteristics of the HE itself [54], including grain-size, material density, spatial distribution and
size distribution of voids, as well as the nature of the shock pulse [55]. Thus, in EFI systems with small flyers
it can be surmised that even small thermally induced changes in flyer strength and shape and small

microstructural changes within the PBX could affect the initiation threshold in complex ways.

Even without a full mechanistic understanding of the initiation process, it could be worth exploring
phenomenological theories based on energy-fluence [56, 57] and shock-volume [58, 59] concepts to gain
further insights. With the availability of appropriate microstructural data, pre- and post- conditioning, it could
also become possible to construct generalized (e.g., probit or logistic) regression models that includes terms

dependent on relevant summary features [11, 20-25], e.g., flow-permeable specific surface area for porous-

11



powder HE system, or grain-count, internal-boundary-surface-area, or surface roughness features of PBX

systems.
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Table 1. List of various binary GO/NOGO datasets analyzed in this work.

Study # | Initiation System (égrrfégggz? Thegr;zlélifil(l)rrrllsidity # Shots
1 Porous HMX (EBW) Whole detonator 75°C, 95°C (Dry, Wet) 15-20
2 Porous PETN (EBW) Whole detonator 40°C 15-20
3 PBX PETN (EFI)* HE only 40°C, 75°C 18-20
4 PBX PETN (EFI)* Flyer only 72°C 15
5 PBX PETN (EFD)** Whole detonator 80°C 30

*Standard flyer size (~ 0.6 mm square)

**Smaller flyer size (~ 0.2 mm square)
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Fig. 1. Study 1: Analysis of binary test data on an EBW system based on low-density porous-HMX-powder based
initiator: (a) marginal posterior pdf (uninformed prior) of initiation threshold voltage (‘Threshold’) for pristine and
thermally conditioned powder systems, with thermal/humidity conditions indicated in plot. ‘Dry’ and ‘Wet’ represent
RH levels of <10% and ~ 45%, respectively; (b) initiation threshold vs. thermal/humidity conditions, with small circles
indicating the posterior maximum (MAP) and vertical bars indicating 90% confidence interval computed from posterior
pdf. Accelerated thermal conditioning clearly lowers threshold, i.e., enhances initiation sensitivity, and humidity appears
to exacerbate the effect. All Threshold values in this figure (and subsequent figures) are expressed as ratio to the MAP
estimate of the corresponding unconditioned (“pristine’) system.
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Fig. 2. Study 1: Plot of initiation threshold voltage of a HMX-powder based EBW system conditioned at 75°C (dry) for
various durations (in weeks). Small circles indicate the posterior maximum (MAP) estimate, while vertical bars indicate
90% confidence interval obtained from the corresponding marginal distributions. A decreasing trend in MAP threshold
as a function of conditioning time is indicated by the linear regression line (solid) with 90% prediction interval indicated
by the dashed lines.
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Fig. 3. Study 2: Evolution of the initiation threshold voltage of a low-density PETN-powder based EBW system that was
conditioned for 2 years at 40°C: MAP estimate of threshold (small circles) along with 90% confidence margins (vertical
bars) are indicated at 6-month intervals.
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Fig. 4. Study 3: Thermal conditioning effects on the initiation threshold of an EFI system using PETN based PBX, where
only the PBX material was conditioned: plots of MAP estimate of threshold (small circles) along with 90% confidence
interval (vertical bars) for the unconditioned material and material under two thermal conditions. Conditioning appears
to lower initiation threshold, with the rate of lowering clearly accelerated at elevated temperatures.
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Fig. 5. Study 4: Thermal conditioning effects on the initiation threshold of an EFI system using PETN based PBX, where
only the first-stage flyer was conditioned: plots of MAP estimate of threshold (small circles) along with 90% confidence
interval (vertical bars) for the unconditioned system and system with flyer conditioned at 72°C under 50% RH for 57
days (‘T&H_Cond’). Conditioning appears to lower threshold voltage, i.e., increase sensitivity.
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Fig. 6. Study 5: Thermal conditioning effects on the initiation threshold of an EFI system with small flyer dimensions
and using PETN based PBX, where the entire component was conditioned at 80°C for 2 months under two different
humidity conditions, i.e., dry (‘T_Cond’) and ~ 30% RH (‘T&H_Cond’). Small circles indicate MAP estimate of
threshold, while vertical bars indicate 90% confidence interval. Thermal conditioning appears to significantly increase
threshold, i.e., lower initiation sensitivity, while humidity appears to exacerbate the effect by a small amount.
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