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Prediction of the Impact Sensitivity of Aluminized Explosive
Mixtures Using the Response Surface Methodology
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The possibility of the impact sensitivity prediction based on the physicochemical properties and element composition of
explosives contributes to a faster research of novel high explosives (HE), reduces the research costs and helps to improve
the explosive safety. This paper analyzes the existing methods for the prediction of impact sensitivity and introduces a
response surface methodology (RSM). The new method comprises a correlation between impact sensitivity and two
primary properties of HE: detonation velocity and heat of detonation. Calculated impact sensitivities are compared to the
experimental values taken from the literature in order to validate the approach.
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Introduction

HE research in the field of high explosives (HE) has a

growing tendency to achieve better explosive
performance that is often accompanied with the energy
content increase. The higher energy content almost
inevitably leads to an increase of HE sensitivity and a
reduction in safety [1]. Because sensitivity is a major
characteristic of HE, it is especially desirable to have a
valid method of predicting sensitivity based on the
available experimental and calculated data. The
performance and sensitivity properties of a candidate for a
new high explosive as well as for a new HE mixture are
very important because its development, manufacture and
testing is cost effective, environmentally desirable and
because of its time saving capabilities. Since safe handling
is one of the most important issues to the scientists and
engineers who handle HE, the correct estimation of the
explosive safety presents substantial significance [2].

The study of explosives by the theoretical methods has
provided an extensive insight for identification of
promising and elimination of undesirable candidates for an
additional consideration. Numerous studies have been done
to relate impact sensitivity to various properties of pure HE
such as oxygen balance [3-5], quantum chemical
calculation [6-9], physicochemical properties and elemental
composition of HE [2,10-13], quantitative structure-
property relationship (QSPR) models using computational
data mining methods [14-19] etc. Detonation velocity and
the heat of detonation are used in this paper to predict
impact sensitivity of the selected mixtures of aluminized
HE. The purpose of this paper is to predict a simple
correlation between impact sensitivity of the aluminized HE
mixtures and chosen detonation parameters using the

response surface methodology [20]. The coefficients of the
response function and their statistical significance were
evaluated by the least squares method using the Design-
Expert v.9.0 software, Stat-Ease, Inc.

Impact sensitivity prediction models

One of the important factors in assessing of the HE is its
susceptibility to detonation caused by accidental or intentional
impact stimuli. Drop weight or drop hammer test is one of the
most frequent tests used for evaluation of the impact sensitivity
[21]. The drop weight impact test is convenient method by
which few milligrams of an explosive material are placed
between the steel anvil and the striker. Different criteria are
used in order to judge whether the reaction has occurred.
Unfortunately, it is highly subjective that the judgment of the
test apparatus operator is relied upon to detect the smell from
or sound of an event if a flash does not occur. Since the
initiation by an impact is extremely complicated, reported data
serve only as an approximation indication of sensitivity. The
results of a drop weight impact measurement are not often
reproducible and give widely varying /s, values in some cases
[12,21].

The initiation of explosions on the test machine has a
probabilistic nature, i.e., at a fixed weight drop height / in a
series of parallel experiments, explosions occur with a
certain probability (frequency) f'= N./Ny 100%, where N. is
a number of explosion reactions that was detected and N, is
a total number of experiments in the series. As & increases
in the range Ay < h < hjg, the probability of explosions
changes in the interval f'= 0-100%. The dependence f{#) in
a graphical representation is called the explosion frequency
curve.
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The most reliable point of this dependence is the
quantity hsy for which f = 50% [12,22-24]. Hence, A5
denotes the height in centimetres, at which the probability
of explosion is 50%.

Theoretical studies of energetic materials have provided
a considerable insight into understanding of factors
affecting their behaviour. Out of numerous studies of
correlations of impact sensitivities with various molecular
features, structural and electronic, Kamlet and Adolph [3,4]
introduced a very simple conventional scheme that can be
applied to a large number of HE. In their work, the impact
sensitivity is linearly related to a measure of oxygen
balance by the following equation:

log hsy = @ + a, OB,y (1

The constants a, and a, have different values for various
classes of C,H,N O, explosives. OB, is oxygen balance of
HE and is calculated as follows:

OBIOO=2d—b—2c—2n(C02)/MW. (2)

where n(CO,) is the number of CO, moieties, e.g. in esters
or carboxylic acids, that are contained in the molecule and
MW is the molecular weight of explosive. Letters a, b, ¢
and d stand for HE equivalent formula coefficients.

Skare and Suceska [5] presented a similar concept
applicable for all classes of HE given in the next equation.

log h50 =1.73- 0.3203100 (3)

The coefficient of determination (COD) for the selected
HE using Equation 3 was 0.96 [5].

Rice and Hare [6] introduced five models based on the
quantum mechanical calculations of the individual
molecules using parameters related to the features of the
surface electrostatic potentials (Equations 4-8).

hso = pi +q exp(nVy ) —siVy 4)
hso = p2 + ¢ exp(r2 v —‘17“) Q)
hso = p3 + g5 exp(rv) (6)

hso = ps+qs4 exp(r4 (Quet =54 )) (7
hso = ps eXP(qSV— 75 (Qet =S5 )) (3

where hsy is in cm, V), is the approximate electrostatic
potential at the midpoint of each bond in kcal mol”, 7" and
V- are the averages of the positive and negative values of
the electrostatic potential on the molecule isosurface in keal
mol”, v is the balance parameter of the generalized
interaction property function, and Qg is the heat of
detonation in kcal g"'. Parameters in the Equations 4-8 are
as follows: p; = 63.6, ¢; = 18900, r, = —0.089, s; = 0.0367,
P2=9.2, g,=803, r,=-0.366, p;=29.3, g;=0.00138, r; =
48.84, p4=27.8, q;,= 0.1135, r,=—11.079, s4= 1.661, ps =
1.341, g5=8.1389, rs=6.7922 and ss= 1.4737.

Keshavarz [2,10,11] gave several approaches in the
impact sensitivity estimation primarily based on the
elemental structure of HE. Eqs 9-11 [2] can be used for
C,H,N.O, polynitroaliphatic, polynitroaromatic (including
benzofuroxane) and nitramine explosives, respectively.

log sy =81.40a +16.116—19.08¢ +1.089d / MW (9)
loghsy =11.76a +61.72b+26.89c +11.48d | MW (10)

log hsp = 47.33a+23.50b+2.357c—1.105d / MW (11)

Coalescing oxygen balance and some structural
parameters of HE Keshavarz [10] suggested next general
equation.

100(a+§—d) 100
loghsy =y + ¥> W +)’3(MV;)+J/4’1 (12)

where y—y, are adjustable coefficients which can be
obtained from the fitting functions of impact sensitivities
experimental data and » is a number of R—C(NO,),—CH,—
moieties attached to the oxygen of carboxylate functional
groups where R is the alkyl group. Optimized parameters,
calculated using multiple linear regression method, have the
following values: y; = 2.47, y, = 0.371, y; = —0.485 and
v4=0.185.

Denisaev et al. [12] submitted an impact sensitivity
estimation for the liquid explosives based on a maximum
volumetric heat of the explosion presented by the general
eq.13. Volumetric heat of explosion is actually a mass heat
of explosion multiplied with the HE density.

Jhso = a—bpQax (13)

where O, is in kcal g'l. Parameters a, b and COD for
different classes of liquid HE are as follows.
For nitramines, a = 35.1, 5=11.0 and COD = 0.894.

For nitroaromatics, a = 40.4, b = 14.6 and COD = 0.990.
For nitrates, a = 33.2, b=11.6 and COD = 0.966.

For nitroaliphatics, a = 30.0, b = 10.6 and COD = 0.899.
For azides, a =23.2, b= 8.0 and COD = 0.900.

Smirnov et al. [13] found a correlation between the
impact sensitivity of HE and heat of detonation, density,
melting temperature and atom mass in 1 kg of HE reaching
a high COD value of 0.994.

hsy =0.01( pB)” 0pe" (500~ 17,)" " (14)

where Ai5pisinJ, pisin g cm™, B is in g atom kg'l, Omax 18
in kcal kg™ and 7, is in °C.

Response surface methodology

Generally, the impact sensitivity prediction methods,
given in the literature, deal with pure HE. This approach is
quite satisfactory when it comes to the investigation of new
HE. On the other hand, for the analysis of explosive
mixtures already in use or for new mixtures, there are no
suitable methods. The main reason for that is the variety of
components used in mixtures and their different features.
RSM that can be applied to aluminized HE mixtures
correlates the impact sensitivity to a velocity of detonation
and heat of detonation. HE mixtures composition is given
in Table 1.

A two-variable design of the impact sensitivity
optimization using the selected independent parameters was
performed. The actual variable values are summarized in
Table 2. The ranges of the independent values are taken
from the available data for the HE mixtures.
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Table 1. Composition of investigated aluminized HE mixtures

HE HMX RDX | TNT | Al | Binder | Ref.
HBX-1 - 40 40 20 - [25]
HBX-3 - 30 30 35 - [25]

H-6 - 45 30 20 5 [25]
HTA-3 50 - 30 20 - [25]
Tritonal - - 80 20 - [25]

C.B+Al - 54 36 10 - [26]
TGAF-5M - 59 19 17 5 [27]
TOKAF 60 - 18 17 5 [27]
PVV-7 - 71.5 - 17 11.5 [27]
PE-6 - 72.2 - 15 12.8 [27]
MS-1 - 57 19 17 7 [27]
A-IX-2 - 73 - 23 4 [27]

Table 2. Experimental values of the explosive parameters for the
aluminized HE mixtures

HE mixture hso M ]ng-‘ kn?s'] Ref.
HBX-1 70 7.70 7.22 [25]
HBX-3 75 8.83 6.92 [25]

H-6 75 8.70 7.19 [25]
HTA-3 43 4.98 7.87 [25]
Tritonal 74 7.41 6.52 [25]

Comp. B + Al 60 5.93 7.60 [25]

TGAF-5M 60 6.28 7.70 [26]
TOKAF 60 6.53 7.86 [27]
PVV-7 70 6.28 6.50 [27]

PE-6 65 6.49 6.80 [27]

MS-1 60 6.10 7.60 [27]
A-IX-2 60 6.48 8.40 [27]

The experimental design consisted of 12 runs. Each
experimental design run was performed in triplicates and
the data produced were averaged with the standard
deviations. The Design-Expert v.9.0 software was used for
the regression and graphical analysis of the experimental
data. ANOVA was performed in order to evaluate the
statistical significance of the model.

Results and discussion

The hso value of impact sensitivity is considered as the
output variable. Adequacy of the two-factor interaction
regression model was proved by the ANOVA test,
significance of the model coefficients in eq.15 was tested
using the Student test (Fig.1).
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Figure 1. Normal probability plot for studentized residuals of the
experimental data

The ANOVA results indicate that two-factor interaction
model is significant (/' value = 47.1) with a standard
deviation of 2.50 and with p-value < 0.0001. The adjusted
R* value of 0.9263 was in a reasonable agreement with the
predicted R? value of 0.7797, with a signal to noise ratio of
21.4. All the variables showed both individual and
interacting significant effect on the output. The quantitative
effects of the velocity of detonation (D) and heat of
detonation (Q) as independent variables and their
interactions on the impact sensitivity (%sy) as the output
variable are given in eq.15.

hsy =388.26-49.75D - 42.620+6.67DQ  (15)

The comparison between the experimental and
calculated /5, values (using eq.15) shows that the predicted
model is in a good agreement with the experimental data
with standard error of 2.21, average relative error of 3.29
and chi square 1.41E-04. Fig.2 shows a linear correlation
plots between the actual and predicted values of the impact
sensitivity. Used model gives correlation coefficient 0.9463
suggesting its good agreement with the experimental data.
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Figure 2. Linear correlation plot between the experimental and calculated
impact sensitivity

The contour and 3D plots of the relationship between the
impact sensitivity and velocity of detonation and heat of
detonation is shown in Figures 3 and 4.
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Figure 3. 2D plot of detonation velocity and heat of detonation influence
on impact sensitivity
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Figure 4. 3D plot of detonation velocity and heat of detonation influence
on impact sensitivity

Optimization of the independent variables in order to
achieve a maxed impact sensitivity is conducted through
the multiple response method of a desirability [28]. The
desirability will be 1 for the optimized impact sensitivity if
the detonation velocity is greater than 6.9 km s™' and the
heat of detonation is greater than 7.9 MJ kg™

Conclusion

Presented method for impact sensitivity prediction of the
aluminized HE shows a good agreement with the
experimental data taking into account that their different
values are often identified in various reported experiments.
Coefficient of determination for the observed HE is 0.9463.
This simple equation uses parameters essential for
aluminized HE but does not consider aluminium particle
size, charge density, other metallic compounds and
presence of oxidizers i.e. nitrates and perchlorates.
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Predvidanje osetljivosti na udar aluminiziranih eksplozivnih smesa
koriS¢enjem metode response surface methodology

Moguénost predvidanja osetljivosti na udar na osnovu fizicko-hemijskih osobina i elementarnog sastava eksploziva
doprinosi brzini procesa istraZivanja eksplozivnih materija, smanjuje troskove i poboljSava pirotehni¢ku bezbednost. U
ovom radu se analiziraju postojeée metode za predvidanje osetljivosti na udar i uvodi se metodologija odzivnih povrSina
(response surface methodology - RSM). Nova metoda omogucava kreiranje korelacije izmedu osetljivosti na udar i dve
osnovne osobine eksplozivnih materija: brzine detonacije i toplote detonacije. Izracunate vrednosti osetljivosti na udar su
uporedene sa eksperimentalnim koje su preuzete iz literature sa ciljem ocene ovog pristupa

Kljucne reci: eksplozivna smesa, brizantni eksplozivi, aluminizirani eksplozivi, osetljivost eksploziva, osetljivost na udar,
metoda procene.

Prédiction de la sensitivité I’impact des mélanges explosifs
aluminisées par la méthode "response surface methodology"

La possibilité de prévoir la sensitivité a 'impact a la base des propriétés physiques et chimiques de la composition
élémentaire des explosifs contribue a la vitesse du processus des examens des matériaux explosifs , diminue les frais et
améliore la sécurité pyrotechnique. Dans ce papier on analyse les méthodes existantes pour la prédiction de la sensitivité a
I’impact et on introduit la méthode ,,response surface methodology” (RSM). Cette nouvelle méthode permet la création
de la corrélation entre la sensitivité de I’'impact et les deux propriétés basques des matériaux explosifs: vitesse de
détonation et température de détonation. Les valeurs calculées pour la sensitivité de ’impact ont été comparées avec
celles expérimentales qui étaient prises dans la littérature dans le but d’évaluer la présente approche.

Mors clés: mélange explosif, explosifs brisants, explosifs aluminisés, sensitivité explosive, sensitivité a I’impact, méthode
d’évaluation.

IIporuo3upoBanue 4yBCTBUTEJIbHOCTH K yAapy (LIOKA)
AJTIOMUHHUPOBAHHBIX B3PHIBOOMACHBIX CMeCeil ¢ NCMOJIb30BAHUEM
METOH0JIOTHH MOBEPXHOCTH OTKJIMKA (response surface methodology)

Cnoco0HOCTb NpeAcKa3bIBaTh YYBCTBHTEJIBHOCTh K YIapy HAa OCHOBe (PM3MKO-XHMHYECKHX CBOICTB M XHMHYECKOIro
€OCTaBA B3PBIBYATHIX BellleCTB, TAKMM 00pPa30M YCKOpsieT IPOIecC HCCIe0BAHUS B3PLIBYATHIX MATEPHAJIOB, CHILKAET
3aTpaThl W MOBBILACT NHPOTEXHHYECKYI0 0€30MaCHOCTb. JTa CTAThsl AHAJM3MPYET CYIUECTBYIOLIME METObI
NPOTHO3HPOBAHUS YYBCTBHTEIBLHOCTH K YJapy M BBOJAMT METO/M0JIOTHI0 NMOBEPXHOCTH OTK/IMKa (response surface
methodology - RSM). HoBblii MeTO/1 103BOJISIET CO3aBATh KOPPEJSIUN MEXKIY YYBCTBHTEIBHOCTBIO K yAapy U ABYMS
OCHOBHBIMHM XapPaKTePUCTHKAMH B3PbIBYATBIX BeELIECTB: CKOPOCTH [ETOHALMM MW JeTOHauuu Temia. PacuyérHbie
3HAYEHHs] YYBCTBUTEJBHOCTH K YAapy CPaBHHBAIOTCS C OJKCHEPHMEHTAJIBHBIMH JAHHBIMH, MOJIYYeHHBIMH W3
JINTEPaTyPhbl ¢ 00bEKTHBHOIi OlIEHKOIi 3TOro noaxosa.

Kniouesvle cnosa: B3pbIBOOIIACHAsI CMeCb, B3pbIBYaThi€ BelleCTBa, AJIOMHHUPOBAHHbLIC B3pbIBYaTbIC BelleCTBa,
YYBCTBUTEJIbHOCTb B3PbIBYATHIX BELIECTB, YyBCTBUTECJILHOCTb K YAapy, METOA OLICHKH.



