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Thermal degradation of high energetic materials

----------------

Nitrocellulose-based propellants
decompose slowly even at ambient temperatures.

8

Decrease of the chemical stability.

1l g

To prevent this undesired process
stabilizers are introduced to the propellants
to react with the degradation products.




Thermal degradation of high energetic materials

.................

Experimental observation of propellant decomposition is
difficult due to its very low rate at room temperature.
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Immeasurable physicochemical changes.

4

Common investigation of the aging processes is based on the
experiments carried out at higher temperatures
when the reaction rates are significantly higher.

Stability test procedure

reaction progress
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Stability test procedure : NATO AOP-48 Ed-2

................

Common stability test procedure is described in
NATO Allied Ordnance Publication

AOP-48 Ed. 2

Stability test procedure : NATO AOP-48 Ed-2

----------------

Kinetic analysis for determination of the thermal stability
of solid materials

Three major steps:

1
Experimental collection of data }

2

Computation of kinetic parameters

Prediction of the reaction progress
for required temperature profiles
applying determined kinetic parameters.




................

Stability test procedure : NATO AOP-48 Ed-2

Following NATO AOP-48 Ed. 2 test procedure:

1 Monitoring stabilizer depletion can be carried out by\
High Performance Liquid Chromatography (HPLC).
Stabilizer depletion requires the set of aging
experiments performed at least

\three temperatures, generally 60, 70 and 80°C. .

2 Computation of kinetic parameters assuming certain
kinetic reaction model i.e. Reaction-Order (Fn) model:

f@)=10-a)

Prediction of the reaction progress for required
temperature profiles applying determined kinetic

arameters. ‘ <
P 9 ja-ay i, =[ar= [
dt ) k(1—ar)

(2%

NATO AOP-48 Ed-2 : Fn model

Arrhenius Model




Common kinetic analysis

Typical reaction model: f{e)

PT: Prout Tompkins

(1-a)"n c™m

Fn: nth order
F1: first order
F2: second order
F3: third order

(1-c)™n
(1-a)

(1-a)"2
(1-a)"3

P1: power law

P2: power law

P3: power law

: power law

: power law

: Avrami-Erofeev

A2: Avrami-Erofeev

A3: Avrami-Erofeev

Rn: n contracting

R2: contracting cylinder
R3: contracting sphere

D2: 2-dimensional diffusion
D3: 3-dimensional diffusion

Z e

a0

2 aN1/2)

3 aN2/3)

4 a™N(3/4)

n aN1-1/n)

n (1-c) [-in(1-a)]N1-1/n)
2 (1-a) [-In(1-)]"(1/2)

3 (1-a) [-In(1-e)]™2/3)

n (1-c)™(1-1/n)

2 (1-a)(1/2)

3 (1-a)™2/3)
[-in(1-a)]"-1

1.5 [1-(1-a)™(1/3)]"-1 (1-c)™(2/3)
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Common kinetic analysis

Typical reaction model: f{e)

PT: Prout Tompkins

(1-c)™n a’m |

Fn: nth order
F1: first order
F2: second order
F3: third order

(1-c)™n
(I-a)

(1-a)"2
(1-¢c)"3

P1: power law

P2: power law

P3: power law

P4: power law

Pn: power law

An: Avrami-Erofeev

A2: Avrami-Erofeev

A3: Avrami-Erofeev

Rn: n contracting

R2: contracting cylinder
R3: contracting sphere

D2: 2-dimensional diffusion
D3: 3-dimensional diffusion

a0

2 o172

3 a273)

4 a\(3/4)

n a™1-1/m)

n (1-c) [-in(1-a)]N1-1/n)
2 (1-a) [-In(1-a)]™(1/2)

3 (1-a) [-In(1-a)]"(2/3)

n (1-a)™(1-1/n)

2 (1-a)™\(1/2)

3 (1-a)™(2/3)
[-in(1-a)]"-1

1.5 [1-(1-a)™1/3)]"-1 (1-c)™(2/3)
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Common kinetic analysis

.................

Typical reaction model: f{e)
PT: Prout Tompkins (1-a)™n o’m |\
Fn: nth order (1-c)™n CCI n F n
F1: first order (1-a) J °
F2: second order (1-a)*2 descrlbe PT ?
F3: third order (1-a)"3
P1: power law a0
P2: power law 2 eN172)
P3: power law 3 a™2/73)
P4: power law 4 o\(3/4)
Pn: power law n a(1-1/n)
An: Avrami-Erofeev n(1-a) [-In(1-c)J(1-1/n)
A2: Avrami-Erofeev 2 (1-a) [-In(1-a)]™(1/2)
A3: Avrami-Erofeev 3 (I-c) [-In(1-c)]"2/3)
Rn: n contracting n (1-a)N(1-1/n)
R2: contracting cylinder 2 (1-a)(1/2)
R3: contracting sphere 3 (1-a)™2/3)
D2: 2-dimensional diffusion [-In(1-e)] -1
D3: 3-dimensional diffusion | 1.5 [1-(1-a)(1/3)]*-1 (1-a)"(2/3)

"

Universal kinetic model

The aim of the present paper is to:

Propose another

more universal

kinetic model

12




Common kinetic analysis

.................

Typical reaction model: f{e)

PT: Prout Tompkins

(1-c)™n

Fn: nth order
F1: first order
F2: second order
F3: third order

o I\
—

Can Fn
describe PT ?
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13

Common kinetic analysis

PT: Prout Tompkins

Typical r ? model: f{e)
(1-a)n

Fn: nth order
F1: first order
F2: second order
F3: third order

Can PT
4’ describe Fn ?

(1-c)™n
(I-a)

(1-a)"2
(1-¢c)"3

P1: power law

P2: power law

P3: power law

P4: power law

Pn: power law

An: Avrami-Erofeev

A2: Avrami-Erofeev

A3: Avrami-Erofeev

Rn: n contracting

R2: contracting cylinder
R3: contracting sphere

D2: 2-dimensional diffusion
D3: 3-dimensional diffusion

a0

2 o172

3 a273)

4 a\(3/4)

n a™1-1/m)

n (1-c) [-in(1-a)]N1-1/n)
2 (1-a) [-In(1-a)]™(1/2)

3 (1-a) [-In(1-a)]"(2/3)
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'Yes’
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Common kinetic analysis S ntes

.............

Typical reaction model: f{e)
PT: Prout Tompkins (1-c)™n o™m
Fn: nth order (1-c)™n
F1: first order (1-a)
F2: second order (1-c)"2
F3: third order (1-a)"3
P1: power law a0
P2: power law 2 eN172)
P3: power law 3 a™2/73)
P4: power law 4 o\(3/4)
Pn: power law n a(1-1/n)
An: Avrami-Erofeev n(1-a) [-In(1-c)J(1-1/n)
A2: Avrami-Erofeev 2 (1-a) [-In(1-a)]™(1/2)
A3: Avrami-Erofeev 3 (1-&) [-In(1-a)]"(2/3)
Rn: n contracting n (1-a)N(1-1/n)
R2: contracting cylinder 2 (1-a)(1/2)
R3: contracting sphere 3 (1-a)™2/3)
D2: 2-dimensional diffusion [-In(1-e)] -1
D3: 3-dimensional diffusion | 1.5 [1-(1-a)(1/3)]*-1 (1-a)"(2/3)

15

Common kinetic analysis

-----------------

PT: Prout Tompkins
Fn: nth order (1-c)™n
F1: first order (1-a)

F2: second order (1-a)"2
F3: third order )

Can PT describe
Pn, An, Rn,

. power law D2, D3?
P2: power law 2 aN172)
P3: power law 3 e2/3) ' !
P4: power law 4 aN(3/4) Yes
Pn: power law n a™1-1/n)
An: Avrami-Erofeev n (1-a) [-in(1-c)](1-1/n) Cwith A’ =A-c
A2: Avrami-Erofeev 2 (1-&) [-In(1-a)]"(1/2)
A3: Avrami-Erofeey 3 (1-a) [In(1-a)JN2/3) or fla)=c(1-a)na*m
Rn: n contracting n (1-a)(1-1/n)
R2: contracting cylinder 2 (1-a)(1/2)
R3: contracting sphere 3 (1-a)™(2/3)
D2: 2-dimensional diffusion [-In(1-a)]"-1
D3: 3-dimensional diffusion | 1.5 [1-(I-a)*(1/3)]*-1 (1-a)"(2/3)

(*) L.A. Perez-Maqueda, J.M. Criado, P.E. Sanchez-Jimenez, Combined kinetic analysis of solid-state reactions: a powerful tool for
the simultaneous determination of kinetic parameters and the kinetic model without previous assumptions on the reaction
mechanism, J. Phys. Chem. A 110 (2006) 12456-12462. 16




Common kinetic analysis

| 5I':TAEAM

mentatic

.................

Typical reaction model: f{e) More universal model: fla)
n m cin(A'=A-c)
PT: Prout Tompkins (1-¢)"n_cm n m 1
Fn: nth order (1-c)™n n 0 1
F1: first order (I-c) 1 0 1
F2: second order (1-c)2 2 0 1
F3: third order 1-a)”3 3 0 1
. power [aw 0 0 1
P2: power law 2 a(1/2) 0 12 2
P3: power law 3 a™2/3) 0 2/3 3
P4: power law 4 o\(3/4) 0 3/4 4
Pn: power law n a\(1-1/n) 0 1-1/n n
An: Avrami-Erofeev n (1-c) [-In(1-c)](1-1/n)
A2: Avrami-Erofeev 2 (1-a) [-In(1-a)](1/2) 0.806 0.515 2.079
A3: Avrami-Erofeev 3 (1-a) [-In(1-c)]™2/3) 0.748 0.693 3.192
Rn: n contracting n (1-a)™(1-1/n) 1-1/n 0 n
R2: contracting cylinder 2 (1-e9™(1/2) 12 0 2
R3: contracting sphere 3 (1-o9™2/3) 2/3 0 3
D2: 2-dimensional diffusion [-In(1-c)] -1 0.425 -1.008  0.973
D3: 3-dimensional diffusion | 1.5 [1-(1-a)"(1/3)]"-1 (1-c)"(2/3) 0.951 -1.004  4.431

(*) L.A. Perez-Maqueda, J.M. Criado, P.E. Sanchez-Jimenez, Combined kinetic analysis of solid-state reactions: a powerful tool for
the simultaneous determination of kinetic parameters and the kinetic model without previous assumptions on the reaction
mechanism, J. Phys. Chem. A 110 (2006) 12456-12462. 17

NATO AOP-48 Ed-2 : Fn model

A exp

Model

/(@)

Arrhenius
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More universal model : PT model

More universal kinetic model

L Thermal aging J

Arrhenius Model
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More universal model : PT model

More universal kinetic model

©

Set 27 points generated for three temperatures: 60, 70 and 80°C

) 110 kJ/mol
J‘ nda

:%Qﬁ) exp —@ l (1- a@a‘

5E10 sec’!

Fitting experimental or generated data by Fn and PT models

|l
O Cm—y
=

e

Prediction of reaction progress by Fn and PT models

20




Mathematical validation

3

................

a collected in 5 months

- N
0.81 i 0.8
£ o5 £ oo @
£ & W
8 oal g, Prediction:
g | Fitting by ! & 217 Storage fime at
' : o o
. Fn and PT | ozl 25°C fc?r stabilizer
' models | | depletion of 50%.
07 | ! | v | ! | ' | ' \: T T 07\ T T T T T T T T T T T T T
0 1 2 3 4 5 6 0 10 20 30 40 50 60
Time (month) Time (year)

Difference between Fn and PT-models results in relative error of prediction

(21.7-20.9)/20.9 = 3.8%
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Mathematical validation

----------------

@ »3 points collected at 50°C are taken into considerations”
D

ata collected in 6 months /i

L R Pt 4 1
0.8 : I : 0.8
0] | £ ool
g | Fitting’ by 8" ny’
o Fn'and P1 g v
g model , g 202 Prediction:
02] i 02 Storage fime at
; 25°C for stabilizer
| 0 deple’non of 50%.

0 1 2 3 4 5 6 0O 10 20 30 40 50 60
Time (month) Time (year)

Difference between Fn and PT-models results in relative error of prediction

(29.2-20.9)/20.9 = 39.7%

22
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Mathematical validation

.................

+3 points collected at 50°C are taken into considerations”

a collected in 6 months

1 i ____________________________ 1
0.8 : 0.8
el Fitting by! g
2., Fn and PT 5047 \-/
g models 3 202 Prediction:
02 | 02 Storage fime at
! 25°C for stabilizer
o= ol depletion of 50%.

T T T T T T T T
0 1 2 . 3 4 5 6 0 10 20 30 40 50 60
Time (month) Time (year)

Difference between Fn and PT-models results in relative error of prediction

(29.2-20.9)/20.9 = 39.7%
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Q.

1

1
0.8 1

Reaction Progress (-)

024 ¢
1

Mathematical validation

0.6 1

041!

» Data collected in one month only '™

ta collected in 1 month

______

Time (month)
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Mathematical validation

...........

rrrrrrrrrr

@ , Data collected in one month only | ™
Do’ro collected in 1 month N
0.8 0.8
go.e Flﬂ'lng by 30.67
g Fn and PT &
204 models £ 04]
g k> 89 prediction:
02 02 Storage time at
| . , 25°C for stabilizer
ol i : o deple’non of 50%
o 05 1 45 2 0 20 40 60 80 100 120 140 160

Time (month) Time (year)

Difference between Fn and PT-models results in relative error of prediction

(80.9-20.9)/20.9 = 287% |

.................
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Mathematical validation

Application of more universal PT model

4

Significant decrease of points required for

‘ kinetic analysis
l.e. Significant reduction of experimental fime for
the data collection.

‘L Correct stability prediction }
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Experimental verification

Summary of the kinetic
analysis of all propellants:

kinetic parameters derived
during fitting experimental
data by Fn and PT models,
tys- I.e. the storage time af
25°C after which a
stabilizer depletion of 50 %

is reached

...........

sample Mo- cl A E n P l foaz_
del sec! kI/mol __.-'_".-r"- .,
B LB 0| L7E-11] 117.1] 0434 0 W
PT | 25E11| 7.7E+10| 1112 L64/ rE g )
Y 0| 82E+11] 1228] L]l o[ 1 " N
< [PT | 23E09| 82E+11| 1228 L TIE 06| 1.3
s |E 0| 7.6E-15| 147.7] 1.
= [PT | 63E-11| 74E+11] 1188] 19%
B4 L 0| 24E+09 | 1097 0=40}S~?
PT | 36E11| 24E+09| 1097 0O
55 | 0] 6.0E-09 1103/ 95
PT | 23E-10| 43E+09| 109 6| 38E07] 76
. 0] 79E11| - 0,66 0] 27.87
PT | 10E-10| I12E+12 0.78 014 | 28.42
B2 I 0] 1.6E+10 s8] 092 0] 4.8
< [PT | 72E-11] 1.6E+10]“1059] 092| 10E4| 484
B3 L 0] 8.6E-10] 1125 0.78 0] 1235
PT | LIE10| 22E+11| 1139 096 025 12.8
B4 L 0| 22E-10| 1148 040 0] 1145
PT | 44E00| 22E+10] 1140 041] 18E05| 1145
Fn 0 4013 | 1301 057 0] 302
DB-3 57 | 28E10] 408413 | 1301] 057| 17E03| 304
Y 0| 6.7E+10| 1185 035 0] 1568
PT | 15E08| 6.7E+10| 1185| 035| 6.7E-06| 1569
7 0] 3.1E-14] 132.7] 001 0] 125
PT | 26E00| 3.1E+14 | 132.7| 001| 18E03| 124
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Experimental verification

----------------

sample

t25'

80%

SB-2

1,71

1,71

SB-3

1,45

0

W7,1E-06

375

375

761

1,97

156

SB -4

0,40

232

0,40

232

0,57

152
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Mathematical and experimental verification

----------------

Application of more universal PT model

4

Significant decrease of points required for
kinetic analysis
l.e. Significant reduction of experimental fime for

the data collection.
'L Correct stability prediction ]

Mathematical considerations confirmed by the
‘ evaluation of the stability of single- and double

based propellants
(= experimental verification).

NATO AOP-48 Ed-2 : Fn model IMSETARAM

Arrhenius Model
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More universal model : PT model

More universal kinetic model

L Thermal aging J

Arrhenius Model
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Conclusion IIISETARAM)

/The correct kinetic analysis applying more universal PT-modeI\

can be successfully carried out

even if the number of experimental data is significantly smaller

A 4

than those required by NATO-AOP 48 Ed.2 test procedure
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