Chinese Physical Society

Mﬂﬁﬂ Acta Physica Sinica

. Institute of Physics, CAS

=E T NH,CIO, 4545 B8 F R M RV E — 1 R EE IR

M EEE OPRT

First principles investigations of structural, electronic and elastic properties of ammonium perchlorate
under high pressures

Liu Bo Wang Xuan-Jun Bu Xiao-Yu

5| F1% |2 Citation: Acta Physica Sinica, 65, 126102 (2016) DOI: 10.7498/aps.65.126102
1E 26151 View online:  http://dx.doi.org/10.7498/aps.65.126102
2 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/112

AT RE RSB E A L&
Articles you may be interested in

Ga 7k} GaN:Gd A& Z i 11 i i) 258 — 1 J5 3R 7
Effect of Ga vacancy on the magnetism in GaN:Gd: First-principles calculation
YH % 4.2016, 65(12): 127102  http://dx.doi.org/10.7498/aps.65.127102

SR RS 6H-SIC & A HEL R 152 )
Effect of intense laser irradiation on the electronic properties of 6H-SiC
Yy 24,2016, 65(10): 107101 http://dx.doi.org/10.7498/aps.65.107101

Mg-Y-Zn & < =05 i [F AL &0 ) HEL T~ G5 40 S AR AR E P A 5 — P B FRAT 7T

First-principles study of electronic structures and phase stabilities of ternary intermetallic compounds in
the Mg-Y-Zn alloys

YH % 4.2015, 64(18): 187102  http://dx.doi.org/10.7498/aps.64.187102

HoV O, AHAZ ) v s iz 2 6 1 A EE R T SRERE 5T
Study of phase transition of HoVO, under high pressure by Raman scattering and ab initio calculations
YH 24,2013, 62(24): 246101 http://dx.doi.org/10.7498/aps.62.246101

SR FEARE 8] FR A it R AE LI A FH I 1R 4% I [ 1 s 4
Isotropic compression of colloidal crystal in electric field between plate electrode
PP 22H%.2013, 62(17): 176105  http://dx.doi.org/10.7498/aps.62.176105


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.126102
http://dx.doi.org/10.7498/aps.65.126102
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I12
http://wulixb.iphy.ac.cn/CN/abstract/abstract67511.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67511.shtml
http://dx.doi.org/10.7498/aps.65.127102
http://wulixb.iphy.ac.cn/CN/abstract/abstract67253.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67253.shtml
http://dx.doi.org/10.7498/aps.65.107101
http://wulixb.iphy.ac.cn/CN/abstract/abstract65310.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65310.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65310.shtml
http://dx.doi.org/10.7498/aps.64.187102
http://wulixb.iphy.ac.cn/CN/abstract/abstract57253.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract57253.shtml
http://dx.doi.org/10.7498/aps.62.246101
http://wulixb.iphy.ac.cn/CN/abstract/abstract55650.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55650.shtml
http://dx.doi.org/10.7498/aps.62.176105

¥ 32 % R  Acta Phys. Sin. Vol. 65, No. 12 (2016) 126102

=& TNH,ClO, 457 BT RS8P 1E By
B REHE

X EEE

NOE

(Va2 m B AR I, P4 710025)

(2016 4F 2 A 20 AUk F); 2016 £ 4 A 5 QUL FME SR )

BT S NH4ClO4 IS5 HANE BN T NH ClO4 75 [ AR FHERE AT 24511 22 40 N BAT 2O R
BT (RO IR 5 RV R BB 55 — PRI BE 59, BFST T 015 GPa ik /1~ NHaClO4 BSR4 73145
He BT PE B AN SRR BT, AR I A R B Sk, fERSRN 1, 4 19 GPalif, NH4ClO4 I
RS L AR T S MDA IE SR Ak, UMW) TR oA I R SR R R AR, B s i, S B
Z HAF IG5, g1 A B 19 20 1 AR T (8] R SB35 o L W B0 N, P R g o, R A Y
N-H Al C1-O JE 4 P35, i B K, AN F R DO N Al B R A5G 2R 0—15 GPa 264~ NH4Cl1O04 5
P8 B0 2 12 A8 E VEARUE, K] Voigt-Reuss-Hill JVETHE T ABUE B, BIYIE G Al REEE E, Y5
Cauchy 5 /IR B/G {8, ¥ W NH4ClO4 J& THIEARL, BA Hoom b8 o1 .

KEE: AR, kTR, SRR

PACS: 61.50.Ks, 71.20.-b, 62.20.D—

15 =

o SRR B (NH 4 C1O ) S2 [ 4 33 5751 A s B A
2y N P RE AL 2 B A R AL
PERE AR IR B ) FvEe e P, TE I #AEsid
TN, NHLClO, 73 F [ A BAE g, # a5
B M AR AR AR, 33 T R e ] A T 7R 2
RE, PR 9w il A s R 2R A T NH4 ClOy [ 45 14
PR, X NH4ClO4 %24 b B EE/EH.

A Sk AT NH,CLO 4 78 0 3 A/ i s 2%
NSRRI R AT T ORE I, (A REEE R T
NH4Cl0, 52 #o fiR, KEHF 7T P21 F B NH,C10,4
15240 °CAEAER SLJT db 2 5 RE 7 & & a] i [ 40
AR AHER T R R N NHClO 4 PR 45 #6) R 5T 2
b, MR I H 48— 4518, Brigrman 19
AE & il 2% AT T 6 NHLClO4 #F it 14T BT U1 56
i, % B NH,ClO4 7 FLE 58 8 3.1 GPa ity H

T #EVE#E. BE-mail: liubo603@163.com
© 2016 FEYIEF S Chinese Physical Society

DOTI: 10.7498/aps.65.126102

T k. Sandstrom % 1SR FH X 4 2477 G A0 b o
905 77 92 (B KK 7720 GPa) %t NH,ClO, #4745
TR AR R 4 5256, 45 3R B NHLClO, [ AH A8 & 2R
fE4 GPa. Peiris % BRI X S 2R AT 85 404106
W A7 2 1E BT 7T T NHLClOy 78 18 JE 26 14 1
SERY AR AR, I W5 B B ) AT RS AN R I 4t
PE, KIL0—5.6 GPa I H LT W IKAHAS, 43 Sl AL
F0.913.0 GPa. Hunter 25 1% 5% Ffl X 5 £k A -
RIS J7 ¥ 0F 7 7 NH4ClOy 72 0—8 GPa %6 1F R
&5k A4k, KT AE 9% 3.98 GPaltf 3l —Bir
FAE. SR 53 4 — Se R 50 E i AR 3R A T AN
)45 8, Foltz A1 Maienschein 'O #F 5% 7 /R [&] ¥ FE
FE S E R T NHLCLO, [ B AR 36748, 76 m & 2
26 GPa N %A KIAHAS. Yuan &5 11 5% FH S i o
RIS X NHLClO 4 df AR HEAT H 4, N2 /96 F
1.2-6.2 GPa, 50 AH KIS AR AN AR
REAE. IR AN R R S IGRF 78 285 18 AT RE R A [R] 1 5

http: //wulizb.iphy.ac.cn

126102-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.126102
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 12 (2016) 126102

IR il AR 451, BB 7 NH,ClO, /5 JEAT
NI Ji e R L

T SO0 A 7T R A5 A AR K R ROR, IF
BRI = R O T SSRGS T
HACER R T, R 3T % 2 sR B 1 28—k
JiR B 7598 O V2 N T F v e T T A 1 4 4
A i 02080 3@ o 5 sz e 45 SR b, AT Rk
AT 5E LI L5 18, Zhu %5 UG10] R % 2 iR
PRSI T NH,ClO, 7£ 0—10 GPa /K IE J117EH
T A HL T 45 R AR B % 5, Hunter 25 9 % 4k
W IE 1% B2 R BEAG, EBEAN [R (0 34 05 VR
T NH,ClO4 7£0—3.5 GPa 45 #7284k, 1B ik i
TR 5 2 R S 45 8 B B — Bt
WA BEFEfE NH,ClO, 7EAN [F) 5 25 28 T B AR AR 4K
. DRI, AR SR 68 BORS OF 1) 5 FE 32 R 7 VE X
NH,ClOy4 fi R &5 # AT THE, 01 0—15 GPaiff
K J37E R NHLClO 4 R AR S5 84 4 T 2544« L
FHE AR T, 9 7t NH,ClO, i AR 7E &1 &
FHAEAT PR LR AR AR

2 BESEASITE T E
2.1 IBpIRAE

R ¥ ke g [ 25 D1 (R SZBR AFF 78, NH4ClO, NS
Tanfk, JBIERZ &R, TIAHEN Pna2,, B4 G
T 4 NHLCLO4 70, Hat 40 Mg 7, Horhsihs
K N =9220 A, b="7458 A, c =5.814 A,
AT N o = 8 =~ = 90°, dbik & IgE /Ay
TR 1 FR.

H4
H1

I e a il

1 (MTRE) NHyClO, FMAE A5 F T
Fig. 1. (color online) Crystal structure (4 molecules)

and molecular structure of NH4ClOy4.
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1 NH4ClO4 fi L8 BN v B 5 S 5E
Table 1. Calculated lattice parameters (a, b, c and V') of NH4ClO4 along with experimental data.

Method a/A b/A c/A Vv /A3
Exp.[16] 9.220 7.458 5.814 399.7867
Calc.[9] 8.8400(4.12%) 7.2100(3.32%) 5.940(2.17%) 378.5942(5.30%)
Calc.[15] 9.3440(1.34%) 7.3020(2.09%) 6.3090(8.51%) 430.4623(7.67%)
LDA/CA-PZ 8.8284(4.25%) 7.1287(4.42%) 5.5191(5.07%) 347.3446(13.1%)
GGA/PBE 9.4426(2.41%) 7.6743(2.90%) 5.9285(1.97%) 429.6108(7.46%)
GGA/PWI1 9.3843(1.78%) 7.6102(2.04%) 6.0807(4.59%) 434.2617(8.62%)

LDA/CA-PZ-TS

GGA/PBE-TS

GGA/PBE-Grimme

GGA/PW9L-TS

8.5281(7.50%)
9.2643(0.48%)
9.1599(0.65%)

9.1489(0.77%)

6.9566(6.72%)
7.4637(0.07%)
7.4723(0.19%)

7.4357(0.30%)

5.5354(4.79%)
5.7888(0.43%)
5.6700(2.48%)

5.7620(0.89%)

328.3943(17.86%)
400.2673(0.12%)
388.0854(2.93%)

391.9808(1.95%)

7E: The values in parentheses are the percentage error deviations from experimental values.

ELENAET

NH,ClO it PR A It 1 558 A8 14 i 28 2 P 2 iy
N, WA SR, SRR ERN. TR SN
0—4 GPaltf, NH,ClO, fa AR 45 5 Peiris
26 8L FN Hunter 2 ) 1) — Z.51) 5236 I E B b
f—gtk. 5 Zhu % O] R SE RAR LG, AR 4
B T i, WE 2 T EE H,
SN 4 GPa Zi A7 B, @ PRARARH BT B R T A
HEMIZE 4 GPa bt F 44 31 7 #4548, 5 Hunter 25 1)
SIS GG R EE A —

3.2

440
- —v— Exp.[8]
420 - —=— Exp.[9]
L —A— Cal.[15]
—eo— This work

400
380

360

Volume/A3

340
320

300

280 H——

|

|

|

|

|

\
0 2 4 6 8 10 12 14
Pressure/GPa

2 (MTIEMH) NHyClOy bR ARR 1 i1k
Fig. 2. (color online) Cell volume of NH4ClO4 crystal

under different pressures.
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Table 2. Experimental and calculated 3rd order Birch-
Murnaghan equation of state parameters of NH4ClO4.

Method  Pressure/GPa  Vo/A Bo/GPa B’
Exp.[9] 0—3.5 399.33 14.91 7.32
Calc.[9] 0—3.5 397.53 19.91 5.96
Calc. [9] 035 382.50 2050  7.53
This work 0—4 400.07 17.52 7.03
4.5—15 387.37 27.20 4.41

NH,CIO4 516 % % a, b, b6 JE 3 25 14
I3 %, TR SRR, SRS T B ek
35, [ AEFE A S A, 52 500 A5 1L B it
WR: 1) 0, cBRIRASL 5, H AR H R,
EFFE AT, W EHA A 1, 4 19 GPa;

126102-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R Acta Phys. Sin. Vol. 65, No. 12 (2016) 126102

G T AR RS 45 e A 0,
(85 b S e s o R AR I R I R AR A
DX 5], W0 5 R FE 3 119 GPa i, & fi A
B R AT AN BT R, BB T S R R
NH,CIO, i 74 25 9 A0 VE R A A8 4k, R SC o 43 5
NHCIO A 53 T 45K« B 7 KRN A 5 o
JE 38 A AT 5.

Lattice parameter/A

3.3 DFLEN

Pressure/GPa
3 (MTIR) NHyCIO, fik5 4 A L NH,; ClO4 A IR 7 p, Hyilt =250k ik
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K5 (MTEE) NHLClO, dh A% B IE iR 1L

Fig. 5. (color online) Hydrogen bond of NH4ClOy4 crystal under different pressures.
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Fig. 6. (color online) Band structures of NH4ClO4 crystal under different pressures.
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Mulliken Hifif

Table 3. Calculated average Mulliken charge and bond
population of NH4ClO4 crystal under different pres-

sures.

Mulliken charge/e Bond population

Pressure/GPa
H N O Cl N—H CI-O
0 0.48 —1.03 —0.87 2.59 0.61 0.41
1 0.46 —1.02 —0.86 2.62 0.62 0.43
4 0.45 —0.99 —-0.86 2.63 0.63 0.44
9 0.44 —0.99 —0.85 2.63 0.66 0.45
15 0.42 —0.96 —0.84 2.64 0.68 0.46
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Fig. 9. (color online) The state densities of O atom and N atom of NH4ClO4 crystal under different pressures:
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Fig. 10. (color online) Charge density differences of NH4ClOy4 crystal in (0 0 1) plane under different pressures.

B 5 T S o, B s 5 A ¢ ZR It 2k
K11 fiow, #£0—15 GPa o W, NH,ClO, & ik
B S I = AN AR A 1) A R B 5 0 T 5K
2) A [F) AR AR X35k 4 7 B SR 26 18 06 & 3) NH4ClOy
o AT BRI = A AN I S AR AL, A T L, 4
9 GPa, W T NH4ClO4 7F LIk KR KA T
SEREEAR. A R KN SO TR &R B S A
(555, T8 B0 LA P s (23] IR i b

B, ST SRR BN, REAT R AR R,
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3.5 GEMEMR
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Kt Ra g e 24251 NHLClO, B T IER f &, T
b A G5 A B R, NH4ClO, JHS7 3 15 208 9
A, (2) AR,

CiiCi2Ci3 0 0 0
Ci2 Cya Cy3 0 0 O
Ci3Cy3C33 0 0 0
0 0 0 Cyq O O
0 0 0 0 Cs5 O
0O 0 0 O

0 066

K40 GPaZk M T g 5 ok BB A S2 s
gh L R62T R AT A, TS RS A —
{1 i 22, AN [F) S 56 ]t A7 7 X1, o i 2 2 2
VTS SRR RN SR8 26 At (1 22 5, RIS SCrp iR
GGA-PBE ZZ#3Z BRAIAG T db iR IS5 & he. (HA
TR L S0 (B A B B I — 8, v AR
Rk NH,ClO, IR #8441 7

4 NH4ClO4 B H BN THERAE 5 5280l
Table 4. Calculated and experimental elastic constants C;; of NH4ClOy4.

Method ~ Cy1/GPa Cay/GPa Cs3/GPa Cyy/GPa Css/GPa Ces/GPa  Ci2/GPa Ch3/GPa  Cas/GPa
This work  24.62 25.51 32.30 5.89 5.99 8.37 16.04 10.32 9.24
Exp.[26] 25.1 24.6 315 6.6 4.7 10.3 16.3 11.5 7.6
Exp.[27] 2297 23.56 30.12 4.69 5.84 9.64 19.23 7.35 10.33

4 Born £ € VEFIHE, 1B &0 &R IM )15 F60E
PESAERS I (3) RFTas. N T HFRAF LR T
NH4ClO4 B J1 5 k8 e, 73l ik 7 1—15 GPa
AT T NH,CIO, M3 PE 4, 3k s frs. it
5L, ANFEESER T NH.ClO, B3 5 20353 2 (3)
A, YW T NH,ClO, £5#7E 0—15 GPa [5 58 T #f
eI RE .

C11 >0, Cyp >0, C33>0,

Cys >0, Cs55 >0, Cge >0,

Ci1+ Ca + C33 +2(Cr2 + C13 + Co3) > 0,
(C11 + Co2 — 2C12) > 0,

(C11 + C33 —2C43) > 0,

(Cas + Cay — 2C3) > 0.

R R B RSB AR IE 5 R R 0 1

3)

H2%, Pettifor 291 i i@ id Cauchy & /316 R AF M
LN B 7 18] BSCBE R 1% BT, Cauchy & /3 A IE, H
B 8RR U B TR T 1) BB R 5, AR ) 1 R
2 B A R G P R 0L TE R R AR =
AN A% J7 T (1) Cauchy i 3l 7R (4) 3B
PR RN (4) A5, SRk s, £
L5 AN 0 GPalf, = Cauchy [ /1) N IEE, ¥
W NH,ClO04 J& T W Ve M Bl 5 STk 5256 458 41
#2380 B R NH,ClOy NS T ik, 8T
SR TCTT IR A T A A N AT RS BRI, BEAE R
I3 0, Cauchy Ji 774 K, NH,CIO, BITE B2
L

PRy = Chy — Cyy,

PR = O3 — Css, (4)

Cauch
PN = (g — Ceg.
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#5 AFEHESRT NHqClO4 31 H 2 i HE
Table 5. Calculated elastic constants C;; of NH4ClO4 crystal under different pressures.

P/GPa C11/GPa Ca2/GPa C33/GPa C44/GPa Cs5/GPa Ces/GPa Ci2/GPa Ci3/GPa Ca3/GPa

32.95
36.25
43.64
51.53
59.66
67.01
79.67
87.62
94.72
99.83
105.01
110.27
116.27
121.58
129.84

39.34
52.41
63.04
68.71
76.90
84.96
92.55
97.25
102.60
112.32
121.09
134.64
148.52
156.74
165.44

39.13
43.23
50.17
54.46
62.08
69.36
78.09
86.86
96.83
97.94
99.87
101.73
103.59
105.52
108.61

6.57
7.25
8.72
9.88
10.93
12.26
13.61
14.02
15.37
16.90
18.14
19.06
19.97
20.62
21.90

10.28 12.16 17.13 17.51 13.19
13.30 14.66 18.50 21.33 18.19
17.26 17.37 20.64 27.28 24.26
21.06 18.34 21.43 33.23 26.65
25.56 19.94 23.89 39.24 28.64

31.48 21.29 25.51 47.29 30.23
34.71 23.87 27.68 55.24 32.58
38.25 25.44 28.98 65.10 34.16
43.02 27.21 30.35 72.69 38.02
45.32 28.17 33.91 79.29 44.30
47.23 28.92 40.33 85.70 48.77
49.18 29.51 46.08 89.79 50.07
51.55 30.81 54.05 93.87 53.97
52.50 32.09 62.92 95.35 58.09
53.48 34.27 70.78 98.68 67.88

#6 AT NH4ClO4 B Cauchy iy, AFEE B, BiUIHE G, HIKEE E Ml B/G iHHE
Table 6. Calculated Cauchy pressures, bulk modulus (B), shear modulus (G), Young’s modulus (E), and

B/G values of NH4ClO4 crystal under different pressures.

P/GPa  PY™M™/GPa  PJ™™/GPa  PS*™™M™/GPa  B/GPa G/GPa E/GPa  B/G
0 4.33 7.67 16.61 7.07 18.09 2.35
1 7.23 4.97 23.00 9.73 27.64  2.36
2 10.94 8.03 3.84 27.35 11.45 3519 2.39
3 15.54 10.02 3.27 33.20 13.61 40.60  2.44
4 16.77 12.17 3.09 37.36 15.13 45.71 247
5 17.71 13.68 3.95 42.39 17.16 4833 247
6 17.97 15.81 4.22 47.41 19.03 51.80 2.49
7 18.97 20.53 3.81 53.39 21.33 56.47  2.50
8 20.14 26.85 3.54 58.37 22.34 59.44 261
9 22.65 29.67 3.14 63.40 24.13 64.25 2.63
10 33.97 5.74 68.96 24.23 65.02  2.85
11 30.63 38.47 11.41 74.79 24.13 65.05  3.10
12 31.01 40.61 16.57 79.74 24.96 67.37  3.20
13 34.00 42.32 23.24 85.51 25.80 70.03 3.31
14 37.47 42.85 30.83 89.70 26.96 73.47  3.33
15 45.98 45.20 36.51 96.64 28.08 77.33  3.44

HE 3 Voigte-Reusse-Hill T ¥ 535k B4 38 i 9 BONEE. ARYE Pugh #E] P21 AR BUAS B RN BY D) A5
PR BT HAA R R B, BTV R G R G S EAE B/ G [RFE AT LUK WA L ) e 1, £
BE, IFHGERNEKC. HE1H0 GPalf, PR L 7R DK 3R B AR P40 P R v, A DU 56 T 1
& BN 16.61 GPa, 5HTA L& 455 17.52 GPa I, XA BB RN 1.75 1260 760 GPa Ry, NH4ClO4 [
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Abstract

Ammonium perchlorate (NH4ClO4) is a highly energetic oxidizer widely used in solid propellants and explosives.
Under extreme pressure conditions, significant changes are observed in the structures and properties of NH4ClO4. How-
ever, many studies of structural transformations of NH4ClO4 under high pressures have not formed a more consistent
conclusion. In this study, the structural, electronic, and elastic properties of NH4ClO4 are investigated by first-principles
calculations based on the density functional theory with dispersion correction (DFT-D) method in a range of 0-15 GPa.
The unit cell volume and lattice parameters are optimized by GGA/PBE-TS, which leads to good agreement with the
experimental structure parameters at 0 GPa, suggesting the reliability of the present calculation method. The calculated
P-V data are fitted to the third-order Birch-Murnaghan equation of state, and the result provides better agreement
with experimental result than other calculations for the unit cell with a volume V, and bulk moduli By and B’. The
comprehensive analyses of the lattice parameters, bond lengths, and hydrogen bonds under high pressure indicate that
three structural transformations occur in NH4ClO4 at 1 GPa, 4 GPa, and 9 GPa. With increasing pressure, hydrogen
bonding interaction gradually increases, and intra- and intermolecular hydrogen bonds are present in crystals. Results
obtained from the band structures and state densities under high pressure indicate that NH4ClO4 exhibits good insu-
lating properties. Valence band shifts towards low energy, conduction band shifts towards high energy, and electronic
localization is enhanced. The charge density differences and Mulliken charge populations at different pressures reveal
that the covalent interaction between the N—H and Cl-—O bonds increases, and the ionicity of crystal decreases. The
band gaps in different structural transition regions exhibit different linear increase trends with increasing pressure. The
calculated elastic constants of NH4ClO,4 satisfy elastic stability criteria of orthorhombic systems at pressures ranging
from 0 GPa to 15 GPa, indicating that NH4ClOy4 is mechanically stable. The bulk modulus, shear modulus, and Young’s
modulus are estimated by the Voigt-Reuss-Hill approach. The Cauchy pressures and B/G values indicate that NH4ClO4
exhibits ductility, attributed to the fact that NH4ClO4 is an ionic crystal, and ionic bonds are non-directional bonds;
hence, NH4ClOy4 is ductile and can be easily bended or reshaped. The results indicate that the ductility properties of
NH4ClOy4 increase with increasing pressure. All calculated properties are in excellent agreement with the available ex-
perimental results. These results will not only help to understand the structural transformations of NH4CIlO4 under high
pressures but also provide an important theoretical reference for the safe application of NH4ClO4 in solid propellants

and explosives.
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